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Chapter 1 - Introduction 
 
1.1 Thesis Organization  
 
The beginning of this thesis will give a short introduction on the background of carbon 
nanotubes (CNTs), including: (1) a general introduction for different types of CNTs, such as 
single-wall CNTs (SWCNTs) and multi-wall CNTs (MWCNTs); (2) synthesis methods of 
CNTs by chemical vapor deposition (CVD), mainly including gas phase synthesis by floating 
catalysts, on substrate and fluidized bed synthesis by supported catalysts; (3) mechanisms for 
CNT growth, including tip growth and root growth; (4) methods for characterization of CNTs, 
including Raman spectroscopy, electron microscopy, thermogravimetry (TG), and Brunauer–
Emmett–Teller (BET) surface area measurement; and (5) applications of CNTs to electric 
storage devices.  
Chapter 2 will present the results of research conducted in this PhD study. Chapter 2 is 
about the newly developed, methane assisted CVD method, which yields millimeter-long 
SWCNTs of small diameter. H2 is widely used as a carrier gas in various CVD processes for 
CNT production and thus the use of low purity H2 instead of high purity H2 is effective in 
reducing the production cost. In the naphtha cracking process, H2 gas is produced as a 
byproduct in addition to various low carbon number hydrocarbons (CH4, C2H4, C2H6, C3H6, 
C3H8, etc.). H2 is separated by cryogenic distillation from this mixture, but some CH4 remains 
in the separated H2. This section examines the use of 96 vol% pure H2 containing 4 vol% CH4 
for the rapid growth of millimeter-tall SWCNTs, and compares the results with those obtained 
using 99.999 vol%-pure H2. I examined whether the impurity (CH4) disturbs the SWCNT 
growth, and unexpectedly found that CH4 has significant effect in suppressing the coarsening 
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of the catalyst particles and growing taller vertically aligned SWCNTs (VA-SWCNTs) with 
small diameters. The role of CH4 in improving the SWCNT growth is also discussed. These 
effects were observed only for CH4, and not for C2H4 or C2H2. CH4-assisted CVD is an 
efficient and practical method that uses H2 containing CH4 which is available as a byproduct 
in chemical plants. 
Unfortunately, the synthesis of CNTs by CVD on flat substrates, which provide 2-
dimensional (2D) reaction space, can yield CNTs at a production scale as small as a few tens 
of g m
-2
 even if CNTs are grown long to a millimeter-scale. This is a major obstacle for the 
industrial applications of such CNTs. Therefore, the use of 3-dimensional (3D) reaction space 
such as fluidized bed CVD (FBCVD) instead of 2D surfaces is highly required. Chapter 3 will 
present the application of an internal heat-exchange reactor to FBCVD, which realizes the 
synthesis of CNTs with enhanced productivity. In our lab, an original FBCVD was developed, 
which realized semi-continuous production of submillimeter-long few-wall CNTs (FWCNTs) 
from C2H2 with a subsecond residence time and a high carbon yield  70% [1]. But the high 
gas feed causes insufficient heating of the bead bed when scaled up. This time, a new FBCVD 
reactor is designed and developed, and its performance in producing submillimter-long CNTs 
at improved productivity is examined. 
FBCVD using the internal heat-exchange reactor yielded CNTs at an improved amount 
but with an increased diameter of about 11 nm in average. Chapter 4 will present results on 
the careful control over the catalyst and CVD condition that decreases the diameter of CNTs 
while keeping the high productivity. By reducing the catalyst feed, small Fe catalyst particles 
can be prepared but such catalysts can be easily deactivated. By reducing the carbon feed (i.e., 
C2H2) to a moderate concentration, deactivation of such catalysts is prevented, and CNTs with 
smaller average diameter of ~6.5 nm are produced at a fair productivity.  
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Finally, a summary of this thesis is provided by discussing the importance of designing 
CNT production processes logically based on the fundamental understanding of CNT growth 
process. Remaining issues and future perspectives are presented. 
 
1.2 Types of Carbon Nanotubes (CNTs) 
 
Many scientists put their interests in nanoscale materials, which were defined as having 
at least one dimension less than 100 nm. They have unique properties and application 
potentials, differently from their bulk counterparts. Examples that familiar to us contain zero-
dimensional nanoparticles [2] such as fullerene, one-dimensional nanowires/nanotubes [3-5] 
such as CNTs, and two-dimensional (2D) nano-sheets such as graphene [6-8]. With these 
kinds of structures, electrons can be confined in one or more dimensions, thus novel electrical, 
optical, and magnetic properties can be achieved in nanostructures. Since S. Iijima, using high 
resolution transmission electron microscope (HRTEM) and electron diffraction, reported the 
existence of helical carbon microtubules (now called nanotubes) [9], they have attracted great 
attentions.  
The structure of pure SWCNTs can be visualized as rolled-up a tubular shell of graphene 
sheet into a cylindrical shape, which is made up of benzene type hexagonal rings of carbon 
atoms (a schematic of a SWCNT is shown in Figure 1-1a) [10]. Because SWCNTs generally 
have a large length-to-diameter ratio (aspect ratio) of 10
3
-or more, they are treated as nearly 
one-dimensional (1D) structures [11]. Depending on the chirality along the graphene sheet, 
either semiconducting or metallic electronic states are created [12]. Both experiments and 
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theory have shown that SWCNTs possess high mobility (on the order of 100,000 cm
2
 V
-1
 s
-1
) 
[13], high conductivity (up to 400,000 S cm
-1
), and, for semiconducting nanotubes, tube 
diameter-dependent band gap (Egap ≈ 1/Rtube) [14, 15]. MWCNTs are larger and consist of 
many SWCNTs stacked one inside the other [10]. As shown in Figure 1-1b, according to the 
walls of tubes, they can be further clarified as double wall CNTs (DWCNTs) [16] and triple-
wall CNTs [17].  
 
Figure 1-1. Schematics of different types of CNTs: a SWCNT (a) and a MWCNT (b) 
(Reprinted with permission from {Ref. [18], http://www.photon.t.u-tokyo.ac.jp/index-j.html}). 
 
1.3 Synthesis of CNTs by chemical vapor deposition (CVD) 
 
Since the reported of their synthesis by arc-discharge method by Iijima [9], CNTs 
aroused world-wide interests on the synthesis methods and applications. Various techniques 
have been developed and applied to synthesize CNTs with different structures and 
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morphologies in laboratory scale. Typically, three major methods have been developed for 
CNT synthesis: arc discharge [19, 20], laser ablation [21], and chemical vapor deposition 
(CVD) [22-25]. Catalysts, carbon sources, and sufficient energy are the basic elements for the 
formation of CNTs. In the arc discharge and laser ablation methods, in order to make carbon 
atoms sublimated from bulk carbon and assemble them into CNTs, it is important to heat the 
carbon source to a high temperature of several thousand degree C. Because CNTs are 
synthesized at a very high temperature, CNTs are usually in a high degree of graphitization. 
However, the requirement for high-energy sources (i.e. arc discharge and laser) and the use of 
solid carbon sources pose difficulties for continuous large-scale production. On the other hand, 
in CVD method, gaseous carbon-containing molecules such as hydrocarbon and alcohol are 
used as the carbon source, and the decomposition of such source gases are promoted by 
catalysts. The CVD process can thus be operated under mild conditions, such as atmospheric 
pressure and moderate temperatures ~1000 °C, with an ease for continuous feeding of the 
carbon source. The structure of CNTs, for example, their diameter, length, and alignment, can 
be more efficiently controlled by a catalyst, either floating in the gas phase or supported on 
substrates/powders. Therefore, CVD process, which has the advantages of mild operating 
conditions, easy feed of gaseous carbon sources, and controllable synthesis, is the most 
promising method for the production of CNTs with increased scales to meet the real 
applications.   
In the CVD process, the characteristics of catalysts largely affect the structure and 
quality of CNTs as well as the process yield. Nanoparticles of transition metals, such as Fe, 
Co, Ni, are commonly used as catalysts to synthesize CNTs. It has been found that the 
structure of CNTs was determined by the size and chemical composition of the metal catalysts. 
Here, I will first introduce the popular types of CVD methods for CNT synthesis, including 
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gas phase synthesis by floating catalysts, on-substrate synthesis by supported catalysts, and 
FBCVD using supported catalysts on powders.  
1.3.1 Gas phase synthesis by floating catalysts 
 
This method uses catalyst particles floating in the gas phase for CNT preparation, it was 
named as floating catalyst CVD method. This method is ideal for continuous operation in 
which catalyst and carbon source vapors are fed directly to the CVD reactor without any 
preparation stage and catalyst nanoparticles nucleate and start to grow CNTs. It is also ideal 
for the efficient use of the three-dimensional space of the reactor. Figure 1-2 shows the 
schematic for CNT synthesis by floating catalysts.  
Many groups put their interests in the gas phase CNT synthesis by floating catalyst 
method. Cheng and co-workers realized the synthesis of SWCNTs by using catalytic 
pyrolysis of hydrocarbons and ferrocene as the precursor for catalyst [26, 27]. Nikolaev et al. 
used CO as carbon feedstock and realized the gas phase catalytic production of SWCNTs. 
This method resulted in no amorphous carbon overcoating on the product nanotubes due to 
the formation of CO2 from CO during CVD [28]. Kauppinen and coworkers studied in detail 
the mechanism of the formation of SWCNTs by an aerosol method (floating catalyst) in 
which aerosol catalysts are preformed and introduced to the CVD zone for CNT  synthesis 
[29, 30]. As for the CNT synthesis by floating catalyst, many of the researchers also studied 
the effect of sulfur additives on the structure and yield of CNTs [32-37]. The basic research 
for CNT synthesis by floating catalyst CVD is also ongoing in our lab.  
Floating catalyst method is one of the promising ways for the synthesis of CNTs with 
increased scale to meet the commercial application. However, the drawback of this method is 
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the difficulty in preventing the aggregation of catalyst nanoparticles. Floating catalyst CVD 
has been used for carbon fibers including "vapor grown carbon fibers (VGCFs) [38]" with a 
large diameters of > 100 nm. But when it is applied to grow SWCNTs with a diameter ~1 nm, 
individual CNTs of a same length have a weight 4 orders of magnitude smaller than that for 
VGCFs, resulting in a much smaller productivity. Catalyst nanoparticles, as small as a few nm 
in diameter, quickly collide, aggregate and/or coalesce with each other due to their quick 
Brownian diffusion. Thus the concentration of catalyst nanoparticles cannot be increased and 
the productivity is limited in the synthesis of CNTs by this method.  
 
 
Figure 1-2. A schematic for the gas phase CVD synthesis of CNTs by floating catalysts 
 
1.3.2 On substrate synthesis by supported catalysts 
 
Compared with aggregated CNTs, vertical aligned CNTs (VA-CNTs) on flat substrates 
can have good electrical and thermal conductivities due to their uniform orientation. As for 
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VA-MWCNTs, they were first realized by Li et al. using Fe catalysts supported on porous 
SiO2 [39]. Several years were required for the synthesis of VA-SWCNTs, which were first 
reported by Maruyama and coworkers using the Co/Mo bimetallic catalyst and alcohol carbon 
source. Catalysts were prepared by dip-coating the ethanol solution of Co acetate and Mo 
acetate on quartz glass substrates, followed by baking in air at 400 °C to remove the acetate 
and oxidize the metals, and finally reducing the metals under a H2 environment at the CVD 
temperature ~ 800 °C. The density of catalysts was about 10
5
/μm2 and with diameters of 
approximately 1.5 nm [40]. It is believed that this high catalyst density leads to the vertically-
aligned growth of SWCNTs [41]. Catalyst preparation in solution (Figure 1-3b) is widely 
used and practical for CNT synthesis. 
Hata and coworkers reported super-growth of VA-SWCNTs by the water assisted CVD 
method [42], which aroused lots of interests. Catalysts were prepared by sputtering metal thin 
films (Fe, Fe/Al, Fe/Al2O3, Co/Al2O3) on Si wafers. The SWCNT/catalyst weight ratio 
exceeds 500, more than 100 times as high as that of the high-pressure carbon monoxide 
(HiPco) process [43,44]. In our lab, for the growth of VA-SWCNTs on flat substrates with 
supported catalyst have been studied basically and systematically [45-54]. Catalyst was 
prepared by first sputtering Al or Al2O3 as support on Si wafers, then depositing transition 
metal such as Fe, Co, and Ni as catalysts. CNTs were grown on substrates by using horizontal 
apparatus shown in Figure 1-4a. Substrates were put at the middle of the furnace, heated to 
and annealed under a H2 environment at around 700-850 
o
C, and then the carbon source gas 
such as C2H2, C2H4, and C2H5OH is introduced to nucleate and grow CNTs from the catalyst 
nanoparticles (Figure 1-4b). Prepare catalysts by sputtering (Figure 1-3a) is well established, 
but not as practical as solution method. 
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On-substrate growth of CNTs facilitates the understanding of the mechanism. The 
catalyst particles are fixed on substrates and thus their structure can be easily analyzed for 
different CVD times. The catalysts and CNTs can be easily separated and thus the catalyst 
after CVD can be easily analyzed. On the other hand, on-substrate growth of CNTs suffers 
from the limited productivity as small as a few of tens of g per square meter of substrates even 
for the millimeter-scale growth due to the 2D reaction space of the flat substrates with limited 
surface area, which is the major obstacle to put them in industrial applications. Therefore, 
utilization of 3D space instead of 2D space is highly required for the mass production of 
CNTs. 
 
Figure 1-3. Schematics showing different methods for catalyst preparation: sputtering (a), 
solution (b) and CVD (c). 
 
Figure 1-4. Schematics showing horizontal CVD apparatus for CNT growth on flat substrates 
(a) [111] and the corresponding VA-CNT structures on substrates with supported catalysts (b). 
           
 
 
12 
 
1.3.3 Fluidized bed synthesis by supported catalysts 
 
Catalysts supported on powders realize catalyst particles at a high density and in 3D and 
thus widely used in industries (Figure 1-3c shows the schematic of catalyst preparation on 
powders by using CVD method). FBCVD is one of the most popular methods for the mass 
production of CNTs due to its advantages such as the good heat and mass transfer and the 
ability to handle powders continuously. As a result, a uniform bed temperature is achievable, 
which is critical to control the structure and quality of CNTs upon scale up. In addition, this 
kind of system provides a large contact area among the reactants and catalyst powder, which 
makes the chemical reactions and heat transfer more effective. Consequently, compared with 
floating catalyst CVD and on substrate CVD with supported catalysts, FBCVD with catalyst 
supported on powder is more efficient for synthesis of large quantities of CNTs.  
To improve the productivity of CNTs, one method is to prolong the formation of CNTs 
during CVD, which is difficult because of the deactivation of catalysts, and another is to use 
supports having larger surface area than flat substrates. Spherical particles have larger surface 
area than flat substrates. Xiang et al. realized the synthesis of VACNTs on ceramic spheres by 
using cyclohexane as feedstock [55]. The growth of CNTs needed a delicate pump to 
quantitatively feed liquid state cyclohexane into the reactor, which decreases the efficiency. 
Zhang et al. improved the process and successfully obtained VACNT arrays on ceramic 
spheres by using the floating catalyst process with ethylene as the carbon source [56]. In both 
cases, although they increased the production of CNTs, the process was performed in 
horizontal apparatus and in monolayer, and thus CNTs were not mass produced. Catalyst 
stuck in 3D, such by FBCVD, is highly required. 
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Zhang et al. developed a lamellar catalyst by impregnation them in catalyst salt solution 
followed by calcination, and grew several-tens-micrometer-long MWCNTs among the layers 
of vermiculite at a purity of 84 wt% by FBCVD [57]. They recently reported the mass 
production of MWCNTs at a rate of 3.0 kg/h using a pilot plant FBCVD reactor with an inner 
diameter of 0.5 m [58]. These approaches realized better control of CNT diameters than the 
simultaneous feeding of catalyst and carbon sources [59, 60], however they needed additional 
apparatuses and times for catalyst predeposition and allowed catalyst contamination (16–25 
wt.%). We previously realized the rapid conversion of C2H2 into CNTs with yield of around 
70 wt% at short residence time of 0.3 s by FBCVD [1]. The CNTs were with 3 walls on 
average, 8±2 nm in diameter, with 99 wt% carbon purity, which are closed to the structure as 
CNTs grown on flat substrates. Catalysts were supported on ceramic beads, as shown in 
Figure 1-5, which is the schematic for FBCVD apparatus for CNT growth on spherical Al2O3 
beads (a) and the corresponding CNT synthesis on supported catalysts (b). Catalysts were 
prepared by CVD method (Figure 1-3c), which are of high efficiency and compatible for mass 
production of CNTs.  
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Figure 1-5, Schematics showing fluidized CVD apparatus for CNT growth on spherical 
Al2O3 beads (a) and the corresponding CNT synthesis on supported catalysts (b) [1]. 
 
1.4 Mechanism for CNT growth by supported catalysts 
 
Transition metal catalysts such as Fe, Co, and Ni show high activity for CNT growth 
[61]. Hydrocarbons and other carbon precursors are readily decomposed on the surface of the 
transition metal, hereafter, surface/bulk diffusion of carbon atoms easily occurs on/in the 
transition metal catalyst. The growth mechanism for CNTs has been debatable since their 
discovery. According to the reaction conditions and post deposition product analyses, 
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different possible mechanisms have been proposed by several groups, which are often 
contradicting with each other. Nevertheless, widely-accepted most general mechanism can be 
outlined as follows. Hydrocarbon vapor first decomposes into carbon atoms and hydrogen 
species on “hot” metal nanoparticles. Then, hydrogen desorbs away and carbon will be 
dissolved into the metal. After reaching the carbon-solubility limit in the transition metals at a 
fixed temperature, dissolved carbon precipitates out and crystallizes and CNTs grow. Based 
on the statuses of catalyst particles staying on or leaving from substrates, the mechanism are 
separated to “root growth” and “tip growth” of CNTs, which are widely accepted [62, 63]. 
1.4.1 Root growth 
 
When the catalyst–substrate interaction is strong, initial hydrocarbon decomposition and 
carbon diffusion take place. Hydrocarbon decomposes on the surface of the metal, carbon 
diffuses through the metal, and CNT precipitates out from the metal, but cannot push the 
metal particle up because of the strong force between metal and substrates. Therefore, the 
precipitates are compelled to emerge out not at the metal/substrate interface but at the free 
surface of the metal. As shown in Figure 1-6a, at the beginning hemispherical dome like 
carbon crystals so called fullerene caps will be formed, which then extends up in the form of 
seamless graphitic tube. Subsequent hydrocarbon deposition keeps on. The whole CVD 
process is going on with catalyst particles rooted on its base, which is well known as the 
“base-growth model” [64]. Figure 1-6b shows the real time monitoring for CNT nucleation 
and growth from iron carbide (Fe3C) nanoparticles in CVD by in situ environmental 
transmission electron microscopy showing the root growth mechanism for CNTs [65].  In the 
“root growth” mechanism, catalysts stay on the substrate throughout the CVD process.  
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We previously observed a diameter increase for SWCNTs from the top to the bottom and 
also the size of catalyst particles increased after CVD for CNT growth [49, 51]. These 
phenomena originate from the catalyst coarsening through Ostwald ripening during CVD, 
which is one of the major obstacles for the further progress in CNT synthesis [67-74]. 
Ostwald ripening happens because the smaller particles are energetically more unstable than 
larger particles. In order to lower its overall energy, molecules on the surface of a small 
(energetically unfavorable) particle will tend to detach and diffuse over the substrate and then 
attach to the surface of larger particle. As a result, the number of smaller particles continues to 
shrink, while larger particles continue to grow. Figure 1-7 shows the schematic for Ostwald 
ripening and the diameter increase in growing CNTs. Typically, small catalyst particles will 
get smaller and finally disappear during CVD, which resulted in the CNT growth termination. 
On the other hand, big particles will get bigger and result in the diameter increasing for CNTs. 
SWCNTs sometimes grow long keeping single-wall structure with increasing diameter [49]. 
But SWCNTs sometimes change into MWCNTs, possibly due to the growth termination, re-
nucleation and growth of MWCNTs from coarsened particles [45]. How to keep small 
catalyst particles active for CNT growth and stable against coarsening is a very important and 
difficult issue toward longer CNTs with smaller diameters.  
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Figure 1-6. (a) Schematic showing the root growth model for CNTs. (b) Real time monitoring 
of nucleation and growth of a CNT from an iron carbide (Fe3C) nanoparticle during CVD by 
in situ environmental TEM. The images clearly shows the root growth mechanism for CNTs 
(Reprinted with permission from { Ref. [65], Nano Lett. 8 (2008) 2082.}, Copyright 2008 
American Chemicals Society). 
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Figure 1-7. Schematics for the coarsening of catalyst particles through Ostwald ripening 
during CVD and resulting diameter change of SWCNTs. 
 
1.4.2 Tip growth 
 
In contrast to the “root-growth model”, if the catalyst–substrate interaction is weak, , 
CNT precipitating out from the catalyst particles push the particle off the substrate (Figure 1-
8a (Steps I and II)). As long as the metal’s surface is open for hydrocarbon decomposition 
(concentration gradient exists in the metal allowing carbon diffusion), the CNT continues to 
grow longer and longer (Figure 1-8a (Step III)). This is widely known as “tip-growth model” 
[65, 75-79]. Figure 1-8b shows the real time monitoring of a CNT growing from a catalyst 
particle by in situ environmental TEM, representing the tip growth mechanism for CNTs [78]. 
For the tip-growth mechanism, since the catalysts were on the tip of the CNTs, there is no 
limitation for the growth of CNTs (no force inhibits CNTs to grow) [66]. With this advantage, 
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some researchers realized the ultra-long synthesis of CNTs, which was also known as the 
“kite mechanism” [80-82]. However, such CNTs grow at a quite low density, typically several 
CNTs from millimeter-size catalyst patterns.  
 
Figure 1-8. (a) Schematic showing the tip growth model for CNT synthesis. (b) Real time 
monitoring of a CNT growing from a catalyst particle by in situ environmental TEM. The 
images clearly show the tip growth mechanism for CNTs (Reprinted with permission from 
{ Ref. [78], Nano Lett. 7 (2007) 602.}, Copyright 2007 American Chemicals Society). 
 
1.5 Characterization of CNTs 
 
Due to their specific atomic structure, CNTs have interesting chemical and physical 
properties. Some of the important characterization methods of CNTs will be covered. The 
optical properties of CNTs will be measured by Raman spectroscopy. The structure and 
morphology of CNTs will be observed by TEM and scanning electron microscopy (SEM). 
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The carbon purity of CNTs will be determined by thermo-gravimetric analysis (TGA). The 
surface area of CNTs is most commonly evaluated by N2 gas adsorption with the Brunauer–
Emmett–Teller (BET) model.  
1.5.1 Raman spectroscopy 
 
Raman spectroscopy is an exceedingly powerful tool useful in the study of the 
vibrational properties and electronic structures of CNTs, especially for characterization of 
CNTs with respect to their diameters, defects and tube alignment, and assists us to judge the 
presence of SWCNTs relative to other carbon allotropes [83]. Different carbon materials such 
as SWCNTs, DWCNTs and MWCNTs can be analyzed by Raman spectroscopy. It has been 
strikingly successful at describing the structural properties of SWCNTs [84, 85]. However, 
quantitative determination of each type is not possible at present state of the art [86]. 
Unfortunately, compared with the output achieved for SWCNTs by Raman spectroscopy, 
because of the interpretation of the spectra from a MWCNT is often very complicated, it has 
not yet yielded the same level of output for MWCNTs [87]. Therefore, the interpretation of 
the experimental spectra is usually based on well-established results obtained for SWCNTs. 
Figure 1-9 is a typical Raman spectrum of vertically aligned SWCNTs. It has the 
following typical features: (a) a low-frequency peak < 200 cm
−1
, assigned to the symmetry 
radial breathing mode (RBM). This peak is absent in graphite and is the main signature of 
SWCNTs. The frequency of this mode depends only on the tube diameter [88]. (b) a group of 
peaks at around 1340 cm
−1
 was assigned to the disorder present in the graphitic materials, 
called the “D-band”. (c) a high-frequency bunch (between 1500 and 1600 cm−1), which is the 
dominant peak in the Raman spectrum, corresponds to a resonant excitation of in-plane 
optical phonons, reflecting the graphitic nature of the nanotube, called  “G-band” [89].  
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Figure 1-9, A typical Raman spectrum of vertically aligned SWCNTs (488 nm excitation 
laser). 
 
1.5.2 Electron microscopy 
 
Electron microscopy is an indispensable tool used in many areas of science, by using 
electrons to produce an image. By scanning an electron beam over a sample in a raster pattern 
and then detecting the scattered electrons, it can produce images. SEM is one of the 
microscopes designed for this purpose. A field emission (FE-) SEM, which uses a field 
emitter to obtain an intense electron beam, can further improve the resolution of images. In 
addition to the SEM, there is another kind of electron microscope ‒ called  TEM ‒ which is 
capable of even higher magnification. 
 Figure 1-10 (a) is a typical image for vertical-aligned CNT forests obtained using an FE-
SEM, which unambiguously reveals the morphologies, orientation and dimensions of CNT 
samples on flat substrates. Figure 1-10 (b) shows the TEM image of SWCNT bundles. The 
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single-layered tube walls as well as bundles of SWCNTs can be seen in the image. A good 
TEM is capable of atomic resolution, thus gives an extremely accurate picture of the crystal 
structure of a material. From atomic-resolution image or diffraction pattern of a SWCNT one 
can determine the chirality of it.  
 
Figure 1-10. (a) A SEM image of a SWCNT array on a flat substrate surface. (b) A TEM 
image of SWCNT bundles at the top of a SWCNT array. 
 
1.5.3 Thermogravimetry  
 
TGA is a common analytical approach, which is used to determine the thermal stability 
of a material and its fraction of volatile components based on monitoring the weight change 
that occurs as a specimen is heated. The measurement is normally carried out in air or in an 
inert atmosphere, such as N2 or Ar, and the weight is recorded as a function of increasing 
temperature. Besides weight changes, the temperature difference between the specimen and 
one or more reference pans (differential thermal analysis, DTA) or the heat flow into the 
specimen pan compared to that of the reference pan (differential scanning calorimetry, DSC) 
are recorded by some instruments. DSC can be used to monitor the energy released or 
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absorbed via chemical reactions and/or phase transition during the heating process. This 
measurement can be performed without sample preparation, which is a popular analytical 
method and many scientists use it for the analysis of the carbon purity for CNTs [90-92].  
As for CNTs, the weight change in an air or N2 atmosphere is typically a superposition 
of the weight loss due to oxidation of carbon into gaseous carbon dioxide and/or carbon 
monoxide and the weight gain due to oxidation of residual metal catalyst into solid oxides. 
Figure 1-11 is the typical TGA curves for MWCNTs. The derivative of the weight loss curve 
can be observed from the oxidation peaks, which can give information about the quality of the 
CNTs. The carbon purity of CNTs can be indicated from the width of the oxidation peak, with 
a narrow peak indicating a cleaner material. The amorphous carbons always decompose at the 
lower temperatures due to a higher curvature strain [93, 94]. Kim et al. compared the effect of 
the diameters of MWCNTs on oxidation temperature, it showed that narrow MWCNTs were 
found to decompose at lower temperatures than larger-diameter MWCNTs [95, 96].  
 
Figure 1-11., Typical TGA curves of pristine MWCNTs. 
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1.5.4 Brunauer–Emmett–Teller (BET) surface area measurement 
 
One single CNT has a very large specific surface area (named as SSA hereafter) owing 
to its nanometric diameter. In materials science, the SSA of macroscopic samples of powders 
or porous materials is most commonly based on the measurement of N2 adsorption (at 77 K). 
The Brunauer–Emmett–Teller (BET) isotherm developed in 1938 is a rule for the physical 
adsorption of gas molecules on a solid surface and serves as the basis for an important 
analysis technique for the measurement of the SSA of a material [97-99]. BET extends the 
Langmuir adsorption theory to describe multilayer adsorption of N2 on the surface of a 
material, which equates the rate of condensation of one monolayer of adsorbate to the rate of 
desorption of the previous monolayer coverage on the surface. The observation of the so-
called adsorption and desorption isotherms was used to determine the amount of gas 
molecules adsorbed to a surface. The theoretical external surface area of CNTs as a function 
of their number of walls and diameters ranges from 50 to 1315 m
2
/g [100]. For the as-
produced MWCNTs, the SSA of them generally ranges from 10 to 500 m
2
/g.  
 
1.6 Application of CNTs to the electric storage devices 
 
Due to the ever-increasing demand of electric supply, there are growing challenges 
among a broad range of renewable energy sources. Development of high-energy storage 
devices is a very important research target these  days. Because of their outstanding properties, 
such as large specific surface area, high chemical/ mechanical stability, and light weight, in 
addition to their good electrochemical performance, extraordinary tensile strength and 
flexibility, they are promising candidate for the emerging flexible/stretchable electronics 
           
 
 
25 
 
[101-104]. CNTs are promising as one-dimensional hosts for the intercalation of Li in lithium 
ion batteries (LIBs). CNTs as a conductive additive can be incorporated at a lower weight 
loading than conventional carbons, such as carbon black and graphite, which shows a more 
effective strategy to establish an electrical percolation network. Furthermore, with the 
capability to be assembled into free-standing electrodes (absent of any binder or current 
collector), they are popular to be used as an active lithium ion storage material [105-107]. 
Excellent performance in supercapacitor electrodes was also achieved by using conductive 
and flexible CNTs. Pushparaj et al. demonstrated the design, fabrication, and packaging of 
flexible CNT–cellulose–RTIL nanocomposite sheets, which can be used in configuring 
energy-storage devices such as supercapacitors [108]. Quintero et al. used FWCNTs 3D 
current collectors for lightweight, high performance and low cost supercapacitor electrodes 
[109]. The realization of VACNT forest synthesis provided, among the properties and 
applications of CNTs, some new possibility that has not been achieved or ever expected. One 
example is drawing continuous yarns from a VA-CNT forest, and their application to energy 
storage devices has been demonstrated [110]. 
In order to fully realize the application of CNTs for energy storage applications, 
understanding the mechanism for CNT growth and synthesizing high quality CNTs at large 
scale are important. Therefore, my PhD study was conducted to grow SWCNTs on flat 
substrates to understand their basic growth mechanism firstly. Then, I used FBCVD method 
to synthesize FWCNTs with increased scale, increased purity, and controlled diameters. The 
details are introduced in the chapters hereafter. 
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Chapter 2 - Methane-assisted CVD yielding millimeter-
tall single-wall CNTs (SWCNTs) of small diameter 
(Part of this chapter has been published in: Zhongming Chen, et al., ACS 
Nano 7 (2013) 8230.) 
 
2.1 Introduction 
 
Growing longer CNTs with smaller diameters is an ever-lasting challenge. In 1996, Li et 
al. reported the synthesis of VA-CNT arrays via CVD using Fe catalysts supported on porous 
SiO2 [1]. These were MWCNTs with a diameter of ~30 nm and their height reached 50 µm in 
2 h. Later, they improved the height to 2 mm by continuing CVD for as long as 48 h [2]. For 
SWCNTs, however, several more years were required for such growth to be achieved. 
Murakami et al. first realized the synthesis of VA-SWCNTs using CVD with C2H5OH as a 
feedstock, but the height was a few µm after 60 min of growth [3]. Hata et al. reported the 
"super growth" of VA-SWCNTs via water-assisted CVD; in this case, the height reached 2.5 
mm in 10 min [4]. These works have driven many researchers to investigate O-containing 
precursors such as CO [5] in addition to C2H5OH [3,6-8], and O-containing additives such as 
O2 [9], CO2 [10], and many other species [11] in addition to H2O [12-14]. Such species can 
enhance the lifetime of the catalyst by removing the carbon byproducts that cover the catalyst 
nanoparticles [12]. Because of such efforts, it is now possible to grow millimeter-tall VA-
SWCNTs; however, such SWCNTs tend to have large diameters, of ~3 nm or larger [15-17]. 
Catalyst nanoparticles gradually become coarsened during CVD through Ostwald ripening 
[13], resulting in the abrupt termination of the growth and gradual increase in diameter of the 
growing SWCNTs [14,17-19]. The question of how to keep small catalyst nanoparticles stable 
           
 
 
36 
 
and active for SWCNT growth is a very difficult and important issue. Increasing the length 
while retaining the small diameter of SWCNTs is highly demanded in applications such as 
transparent conducting films [20] and spun-fibers [21] where the contacts between SWCNTs 
limit their electrical and mechanical properties.  
To realize the full-scale practical applications of CNTs, it is necessary to achieve low-
cost and large-scale production methods. Previously, we coupled the rapid growth of VA-
CNTs with the fluidized-bed CVD method to realize the semi-continuous and batch 
production of submillimeter-long few-wall CNTs [22] and SWCNTs [23], respectively. The 
bed of catalyst-supported ceramic particles enabled the rapid conversion of C2H2 into CNTs 
with a carbon yield of ~ 70 at%, in residence times as short as 0.2-0.3 s. A large amount of 
H2—which is a common feed gas in many CVD processes for CNT production—is needed for 
this process. Hence, there is a practical motivation for replacing the expensive high-purity H2 
used in laboratory processes with the low-purity H2 that is available at a low cost and/or a 
byproduct in chemical factories. In the naphtha cracking process, H2 gas is produced as a 
byproduct in addition to various hydrocarbons (CH4, C2H4, C2H6, C3H6, C3H8, etc.). H2 is 
separated by cryogenic distillation from this mixture, but some CH4 remains in the separated 
H2. In this work, we examined the use of 96 vol% pure H2 containing 4 vol% CH4 for the 
rapid growth of millimeter-tall SWCNTs, and compared the results with those obtained using 
99.999 vol%-pure H2. We examined whether the impurity (CH4) disturbs the SWCNT 
growth; unexpectedly, we found that CH4 has significant effects in suppressing the coarsening 
of the catalyst particles and growing taller VA-SWCNTs with smaller diameters. During the 
catalyst annealing, carbon deposited at a small amount from CH4 on the Fe particles, which 
kept them small and dense. During CVD, CH4 prevented the Fe particles from coarsening, 
resulting in an enhanced growth lifetime and suppressed diameter increase of growing 
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SWCNTs. These effects were observed only for CH4, and not for C2H4 or C2H2. CH4-assisted 
CVD is an efficient and practical method that uses H2 containing CH4 that is available as a 
byproduct in chemical factories.  
2.2 Methods 
 
The SWCNT growth process has been described in detail elsewhere [14,16,19]. Briefly, 
the catalysts were prepared on silicon wafers with a thermal oxide layer. First, the substrate 
surfaces were pretreated by dipping them into a mixed solution of H2SO4 (98 wt%) and H2O2 
(30 wt%) (with a volume ratio of 3:1) for 5 min, followed by washing with de-ionized water. 
A 15 nm-thick Al layer was then sputter-deposited on the substrate, and partially oxidized via 
exposure to air. Finally, Fe catalysts were sputter-deposited on the Al layer, either with a 
uniform thickness of 0.5, 0.6, 0.7, or 1.0 nm, or with a gradient thickness profile of 0.1-2 nm; 
this was achieved using our previously described CMD method, in which the deposition flux 
distribution was formed by a physical filter during the sputter deposition [24,25]. The 
substrate with the catalysts was placed in a tubular CVD reactor (34 mm inner diameter and 
300 mm heating zone length) and annealed during heating to and holding for 5 min at 800C, 
under a gas flow of 26 vol% H2/ 50 ppmv H2O/ Ar, or 25 vol% H2/ 1 vol% CH4/ 50 ppmv 
H2O/ Ar, at ambient pressure. During this heat treatment, the Fe formed nanoparticles of a 
certain diameter and number density, depending on the initial Fe thickness. CVD was then 
carried out by adding C2H2 to the gas. The standard CVD conditions were either 0.3 vol% 
C2H2/ 26 vol% H2 / 50 ppmv H2O/ Ar (without CH4), or 0.3 vol% C2H2/25 vol% H2/ 1 vol% 
CH4/ 50 ppmv H2O/ Ar (with CH4), both fed at a flow rate of 500 sccm, at ambient pressure. 
The samples were monitored during CVD using a digital camera to obtain side-view images 
every 10 s, through a window on one side of the reactor tube. The spacial resolution was 0.03 
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mm per pixel. The catalyst particles were analyzed after annealing using AFM (Shimadzu 
SPM-9600), and XPS (JEOL JPS-9010TR) with a monochromatized Mg K X-ray source. 
After CVD, the resulting CNTs were analyzed using SEM (Hitachi S-4800), Raman scattering 
spectroscopy (Horiba HR800), and TEM (JEOL 2000EX). The TEM samples were prepared 
by picking up a portion of the VA-SWCNTs and laying it on a TEM grid using tweezers [17].  
The composition of the effluent gas from the C2H2-CVD reactor was measured by gas 
chromatography (GC, Shimadzu, GC-2014) equipped with a flame ionization detector (FID). 
 
2.3 Overview of CH4-assisted CVD yielding taller vertical aligned 
(VA)-SWCNTs of higher quality under a wider range of catalyst 
conditions 
 
Using the CMD method [16,24,25], we could easily optimize the catalyst conditions for 
the SWCNT growth. Fe/AlOx catalysts with a range of nominal Fe thicknesses (tFe) were 
prepared by sequentially sputter-depositing Al and Fe on silicon wafers with a thermal oxide 
layer (Figure 2-1a,b), and by annealing these samples in a 26 vol% H2/ Ar mixture (named 
here as “without CH4”), or a 25 vol% H2/ 1.0 vol% CH4/ Ar mixture (named here as “with 
CH4”), both with 50 ppmv H2O, at ambient pressure and 800 C for 5 min in a tubular CVD 
reactor. CVD was then carried out by switching the gas mixture to 0.3 vol % C2H2/ 26 vol% 
H2/ Ar, or 0.3 vol % C2H2/ 25 vol% H2/ 1.0 vol% CH4/ Ar, both with 50 ppmv H2O, at 
ambient pressure.  
Figure 2-1c,d shows digital images of the CNTs grown on the combinatorial catalyst 
library using H2/ without and with CH4, respectively. The CNTs were vertically aligned 
(Figure 2-2), and their height was largely dependent on tFe, as reported previously [14]. The 
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VA-CNTs were 0.7 mm tall at tFe  0.5 nm, became shorter with tFe < 0.5 nm, and the CNTs 
hardly grew with tFe < 0.3 nm (Figure 2-1g). The CVD conditions for Figure 2-1d were the 
same as those used for Figure 1c, except that 1.0 vol% H2 was replaced with 1.0 vol% CH4; 
however, the height of the VA-CNTs was very different. The CNTs were approximately 0.9 
mm in height at tFe  0.5 nm, and were taller than those produced without CH4 over a wide 
range of tFe values (Figure 2-1g). Figure 2-1e,f shows the Raman spectra for the CNTs shown 
in Figure 2-1c,d, respectively, taken at their tops at different positions. For the VA-CNTs 
grown without CH4 at tFe  0.6 nm (Figure 1e), the G-band peak at  1590 cm
-1
 was branched, 
and the RBM peaks appeared clearly, illustrating the growth of the SWCNTs, as we reported 
previously [14,16,19]. For the VA-CNTs grown with CH4 (Figure 2-1d), however, the Raman 
spectra were quite different. The G-band peak was sharp and branched, and RBM peaks were 
clearly observed for a wider range of tFe, showing that the SWCNTs were synthesized under a 
wider range of catalyst conditions. The G-band to D-band peak intensity ratios (Figure 2-1h) 
were much larger for the CNTs grown with CH4 than for those grown without CH4, which 
indicated the higher quality of the former compared with the latter. In the following sections, 
we carefully examined these remarkable effects of CH4 in enhancing the height and quality of 
VA-SWCNTs for 0.5  tFe  1 nm; under these conditions, the SWCNTs grew to ~ 1 mm in 
height.  
Figure 2-2 shows the photographs of VA-SWCNTs synthesized without (a) and with (b) 
the addition of CH4 throughout annealing and CVD process with a uniform catalyst of tFe = 
0.7 nm,and the corresponding SEM images. It can be found that the height of SWCNTs with 
CH4 (around 1.3 mm, Figure 2-2b) is larger than without CH4 (around 1.1 mm, Figure 2-2a). 
SEM images taken at the middle of the arrays showed that they were vertical aligned. Raman 
spectra taken at the top of the forests showed that G-band to D-band peak intensity ratios was 
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much larger for with CH4 (IG/ID=12.6, Figure 2-2b,d) compared to without CH4 (IG/ID=5.4, 
Figure 2-2a,c), this was agreed with the results of CNTs grown on the combinatorial catalyst 
library using H2/ without and with CH4. 
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Figure 2-1. VA-CNTs grown on combinatorial Fe/AlOx catalyst libraries under standard 
conditions for 10 min without and with CH4. (a) Schematic of the Fe/AlOx catalyst library. (b) 
Profiles of Fe deposition rate (RFe) and nominal Fe thickness (tFe) vs. position in the library (x). 
Digital images (c,d) and Raman spectra (e,f) for the CNTs grown on the libraries under the 
condition of 26 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar without CH4 (c,e) and 25 vol% 
H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar with 1 vol% CH4 (d,f). Heights (g), and G/D intensity 
ratios (h) of the CNTs at different tFe. The Raman spectra were taken at the top of the VA-
CNTs, using an excitation wavelength of 488 nm.  
 
           
 
 
42 
 
Figure 2-2. Photographs (a,b), and SEM images (c,d) of the SWCNT arrays synthesized  26 
vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar without CH4 (a,c), and 25 vol% H2/ 50 ppmv 
H2O/ 0.3 vol% C2H2/ Ar with 1 vol% CH4 (b,d), without CH4 (a,c) and with CH4 (b,d) 
throughout catalyst annealing and CVD. CVD was carried out for 10 min. The SEM images 
were taken in the middle of the arrays. (e) Raman spectra of the SWCNT arrays, measured at 
the top of the arrays using an excitation wavelength of 488 nm.  
 
2.4 Effects of CH4 during catalyst annealing and CVD 
 
To investigate the effects of CH4 during the synthesis of the SWCNTs, we used a digital 
camera to monitor the growth of VA-CNTs every 10 s. The photos shown in Figure 2-3 were 
taken at 3 min intervals under the conditions: (a) annealing and CVD without CH4, (b) 
annealing with CH4 and CVD without CH4, (c) annealing without CH4 and CVD with CH4, 
and (d) annealing and CVD with CH4. At the beginning of the CNT growth, the CNT heights 
were similar in all of the samples, except for the threshold in tFe for the VA-CNT growth; (a) 
~ 0.6 nm, (b,c) ~ 0.5 nm, and (d) < 0.5 nm (see the photos taken at 6 min). The differences in 
the heights became prominent in the later stages; in the final stage, the VA-CNTs were the 
shortest (~ 1.5 mm) under the (a) conditions, and the tallest (maximum height > 2.5 mm) 
under the (d) conditions (see the photos taken after the samples were cooled). Near the 
threshold Fe thickness, the VA-CNTs peeled off from the substrates, due to the tension 
produced by the VA-CNTs growing faster and taller nearby [14]. Figure 2-4 shows the time 
profiles for the heights of the VA-CNTs at tFe = 0.7 nm. The VA-CNTs peeled off the 
substrate at 650-700 s with (a) and 750-800 s with (c), whereas they grew continuously for 
~1300 s with (b), and ~1500 s with (d). The growth lifetime and final height were the shortest 
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for (a) (750-800 s and 0.9 mm), and the largest for (d) (1500 s and 2.2 mm). The growth rate 
for (c) is somewhat larger than the others (a,b,d). As discussed later for Figure 2-5, annealing 
without CH4 resulted in the lower density of catalyst particles, which may resulted in the 
lower mass density of the CNT forests and thus the larger height increase (growth rate). But 
the growth curves obtained using the catalyst library is not suitable for the detailed discussion 
because the CNTs growing nearby at different tFe interact with each other. The addition of 
CH4 during the catalyst annealing and CVD enhanced the VA-CNT height, mainly by 
enhancing their growth lifetime rather than the growth rate. 
 
 
Figure 2-3. Photographs of the VA-CNTs taken at 3 min intervals during growth, under the 
conditions of: (a) annealing 26 vol% H2/  Ar/ 50 ppmv H2O/ Ar balance and CVD 26 vol% 
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H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar without CH4, (b) annealing 25 vol% H2/ 1 vol% CH4/ 
Ar/ 50 ppmv H2O/ Ar balance and CVD 26 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar 
without CH4, (c) annealing 26 vol% H2/  Ar/ 50 ppmv H2O/ Ar balance without CH4 and 
CVD 25 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar with 1 vol% CH4, (d) annealing 25 vol% 
H2/ 1 vol% CH4/ Ar/ 50 ppmv H2O and CVD 25 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar 
with 1 vol% CH4. The top images were taken after the corresponding samples were cooled. 
The scale bar applies for all of the images. 
 
Figure 2-4. Time profiles of CNT heights for tFe = 0.70 nm, under the conditions of: 
annealing 25 vol% H2/ 1 vol% CH4/ Ar/ 50 ppmv H2O and CVD 25 vol% H2/ 50 ppmv H2O/ 
0.3 vol% C2H2/ Ar with 1 vol% CH4 (red open circles), annealing 25 vol% H2/ 1 vol% CH4/ 
Ar/ 50 ppmv H2O/ Ar balance and CVD 26 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar 
without CH4, (green closed squares), annealing 26 vol% H2/  Ar/ 50 ppmv H2O/ Ar balance 
without CH4 and CVD 25 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar with 1 vol% CH4 (blue 
open triangles), and annealing 26 vol% H2/  Ar/ 50 ppmv H2O/ Ar balance and CVD 26 vol% 
H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar without CH4 (black crosses). The samples shown are 
the same as those shown in Figure 2-3. 
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2.5 Effects of the addition of CH4 during the catalyst annealing on 
the microstructure of the Fe particles. 
 
Figure 2-5 shows AFM images of the Fe/AlOx surfaces at three different stages: as 
deposited (a,d,g,j), after annealing under H2 without CH4 (b,e,h,k), and after annealing under 
H2 with CH4 (c,f,i,l). Fe was deposited uniformly on separate substrates, with different 
thicknesses of tFe = 1.0 nm (a-c), 0.7 nm (d-f), 0.6 nm (g-i), and 0.5 nm (j-l). The inset data 
shows the number density of the Fe islands or particles. The number density of the Fe 
particles was approximately 1.5-1.7 times higher when the samples were annealed under H2 
with CH4 than when they were annealed under H2 without CH4. For example, nominally 0.7 
nm-thick Fe formed very small islands with a number density of 1.8 × 10
12
 cm
-2
, as deposited 
on the AlOx surface. After annealing under H2 without CH4 (Figure 2-5e), the Fe layer 
transformed in particles of a larger size and a wider size distribution (see the height 
distribution on the right of each AFM image), and their number density decreased to 0.90 × 
10
12
 cm
-2
. After annealing under H2 with CH4 (Figure 2-5f), the Fe particles were small and 
uniform, with number densities as high as 1.3 × 10
12
 cm
-2
. Similar results were found for all 
of the tFe in Figure 2-5. It is clear that CH4 had a significant effect in keeping the Fe particles 
stable with small sizes and high number densities. 
We then analyzed the Fe/AlOx surfaces after annealing (and prior to CVD) using X-ray 
photoelectron spectroscopy (XPS). Figure 2-6 shows the XPS spectra for the Fe/ AlOx 
surfaces after annealing in H2 without and with CH4. Note that analysis of the catalyst after 
CVD is impossible because of the huge amount of CNTs formed on the catalysts. If CNTs are 
mechanically separated from the substrate, some CNTs remain on the surface. Oxidation can 
remove the carbon residue, but at the same time the Fe is oxidized. Au is sputtered at a very 
small thickness on the samples to avoid the charge-up effects and for use as an internal 
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reference for binding energy values. The shape and intensity of the Au 4d peaks exactly 
matched (Figure2-6f), supporting the quantitative comparison of the elemental composition 
by XPS.  
First, we checked if carbon deposits from CH4 on AlOx surfaces by comparing the Fe-
free AlOx surfaces annealed under H2 without and with CH4. As can be seen in Figure 2-6a, 
the C1s peak matches exactly in position and intensity for both surfaces. This result means 
that carbon does not deposit on AlOx surface from CH4 under the annealing condition of this 
work and the carbon peak originates from the contamination from the environment during 
transfer from the CVD reactor to the XPS chamber.  
Then we analyzed the Fe/ AlOx surfaces after annealing under H2 without and with CH4 
(Figure 2-6b–e). Annealing under H2 without CH4 yielded the same C 1s peak as in Figure 2-
6a, showing only the carbon contamination from the environment. Whereas the annealing 
under H2 with CH4 yielded the enhanced C 1s peak, showing carbon deposition from CH4 on 
Fe (note that carbon does not deposit from CH4 on AlOx as confirmed by Figure 2-6a). The 
subtraction of the spectra of the peak without CH4 (black broken curve) from that with CH4 
(red solid curve) yielded a sharp peak (blue dotted curve), which corresponds to the carbon 
deposited on Fe. The sharpness of the peak shows the more uniform chemical state of carbon 
than those from contamination, suggesting graphitic carbon on Fe. 
We also evaluated the surface elemental compositions and summarized in Table 2-1. The 
O/Al atomic ratio was 1.35–1.40, somewhat smaller than the stoichiometric Al2O3. The Fe/Al 
ratio was 0.14, which is much smaller than the expected value of ~1.0 for 0.7-nm-thick Fe 
(55.85 g/mol-Fe, 7.87 g/cm
3
, 0.14 mol-Fe/cm
3
) on 1.3-nm-thick Al2O3 beneath the Fe (50.98 
g/mol-AlO1.5, 4 g/cm
3
, 0.078 mol-Al/cm
3
). The diffusion of Fe into the AlOx layer possibly 
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caused the reduction of Fe on the surface to ~0.1 nm in nominal thickness [26]. The C/Fe ratio 
was 3.0 and 7.4 for the Fe/ AlOx annealed without and with CH4, respectively. The 
subtraction (4.4) should correspond to the carbon deposited due to Fe. This amount 
corresponds to multiple carbon layer on Fe or monolayer whole over the substrate surface 
although its structure/chemical state has not been clarified yet. It is possible that CH4 
stabilized the Fe particles during the catalyst annealing by saturating and passivating them 
with carbon, thus reducing their surface energy, where the passivation layer was thin enough 
to allow the CNT growth in the successive CVD step and to allow the oxidation of Fe 
particles during their exposure to air. 
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Figure 2-5. AFM images of the Fe/AlOx surfaces as-deposited (a,d,g,j), after annealing at 800 
C for 5 min under 26 vol% H2/  Ar/ 50 ppmv H2O/ Ar balance without CH4 (b,e,h,k), and 
annealing under 25 vol% H2/ 1 vol% CH4/ Ar/ 50 ppmv H2O/ Ar balance (c,f,i,l). The 
catalysts were prepared on separate substrates with uniform thicknesses of tFe = 1.0 nm (a-c), 
0.7 nm (d-f), 0.6 nm (g-i), and 0.5 nm (j-l). The insets show the number density of the Fe 
islands and particles.  
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Figure 2-6. XPS spectra for the AlOx (a), and Fe/AlOx (b-f) surfaces after reduction at 1073 K 
for 5 min by 26 vol% H2/  Ar/ 50 ppmv H2O/ Ar balance without CH4, and 25 vol% H2/ 1 
vol% CH4/ Ar/ 50 ppmv H2O/ Ar balance. For Fe/AlOx, the Fe was uniformly deposited on 
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separate substrates with tFe = 0.7 nm. Prior to the XPS measurements, a thin Au layer was 
sputter deposited on these two samples as a reference, and the binding energy was calibrated 
using the Au 4d5/2 peak at 335.1 eV. The exact coincidence of the Au 4d spectra between the 
two samples (f) supported the direct and quantitative comparison of these two samples. The 
exact coincidence of the C 1s spectra for the AlOx surfaces (a) showed that there was no 
carbon deposition on the Fe-free AlOx surfaces during annealing with CH4. For the C 1s 
spectra for the Fe/AlOx surfaces (b), the difference between the two spectra is also shown. 
Table 2-1. Elemental compositions and ratios of the annealed Fe/AlOx surfaces by XPS. 
Condition 
(CH4) 
Fe / at% 
(2p3/2) 
O / at% 
(1s) 
Au / at% 
(4d5/2) 
C / at% 
(1s) 
Al / at% 
(2p3/2) 
O/Al Fe/Al C/Fe 
without 4.6 46.7 1.6 13.6 33.5 1.40 0.14 3.0 
with 3.8 37.9 2.0 28.4 28.0 1.35 0.14 7.4 
 
2.6 Effect of the addition of CH4 during CVD on the diameter of 
the SWCNTs  
 
We previously observed an increase in the diameter of millimeter-tall VA-SWCNTs, 
from 1.5-2 nm at the top, to 3-4 nm at the bottom [14,17,19]; this was attributed to the 
coarsening of the Fe particles[14,17,19] through Ostwald ripening [13] during CVD. The 
coarsening of the catalyst is also closely related to the termination of CNT growth [18,27]. 
Because there is a close relationship between the diameter of the catalyst particles and that of 
the SWCNTs [28,29], the change in the diameter of the SWCNTs at different positions along 
their height should reflect the history of the change in the diameter of the catalyst particles 
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during CVD. We therefore analyzed the SWCNTs in detail using transmission electron 
microscopy (TEM).  
We synthesized VA-SWCNTs on separate substrates with a uniform catalyst of tFe = 0.7 
nm, without and with CH4 throughout catalyst annealing and CVD. As shown in Figure 2-2, 
the SWCNTs were vertically aligned, and were taller when CH4 was added. The Raman 
spectra and the G-band to D-band intensity ratios confirmed that the SWCNTs were of better 
quality when CH4 was added, which was consistent with the results shown in Figure 2-1. A 
portion of the VA-SWCNTs was picked up using tweezers, laid on a TEM grid, and observed 
(using TEM) at various depths from the top of the VA-SWCNTs (Figure 2-7) [17]. All of the 
CNTs were SWCNTs, and no MWCNTs were observed at any depths, similar to our previous 
reports [14,17,19]. The inset histograms for the SWCNT diameter distributions showed that 
the diameter was smaller when the synthesis was performed with CH4, and that it increased 
with increasing depth. Figure 2-7i shows the average diameter of the SWCNTs at different 
depths from the top of the VA-SWCNTs. The diameter increased from 2.1 to 3.6 nm in the 
case without CH4 addition, while it increased from 1.9 to 3.0 with CH4 addition. Because 
SWCNTs grow in the root growth mode, this result shows that the diameter of SWCNTs 
increased with time during CVD. Although the SWCNTs increased in diameter regardless of 
the addition of CH4, SWCNTs with smaller diameters nucleated and grew from the smaller 
catalyst particles (Figure 2-5), and retained their smaller diameters when CVD was performed 
with the addition of CH4. CH4 suppressed the coarsening of the catalyst to some extent, 
during both the catalyst annealing and the CVD, yielding taller VA-SWCNTs (Figures 2-1,2) 
with smaller diameters (Figure 2-7).  
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Figure 2-7. TEM images and diameter distributions of SWCNTs, observed at different depths 
from the top of the VA-SWCNTs. The SWCNTs were grown for 10 min on separate 
substrates with a uniform catalyst of tFe = 0.7 nm, under the conditions of 26 vol% H2/ 50 
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ppmv H2O/ 0.3 vol% C2H2/ Ar without CH4 (a,c,e,g) and  25 vol% H2/ 50 ppmv H2O/ 0.3 vol% 
C2H2/ Ar with 1 vol% CH4 (b,d,f,h), without CH4 (a,c,e,g) and with CH4 (b,d,f,h) throughout 
catalyst annealing and CVD. The change in the average diameter of the SWCNTs was plotted 
against the depth from the top of the VA-SWCNTs in (i). 
 
2.7 Possible role of CH4 during catalyst annealing and during 
CVD 
 
Figure 2-8 summarizes the possible role of CH4 during the catalyst annealing and the 
CVD growth of the VA-SWCNTs. After sputter-deposition and exposure to air, the Fe was in 
an oxidized state, and had a very fine particulate island structure (Figures 2-5a,d,g,j). When 
annealed under H2 without CH4, the increased surface energy of the reduced Fe drove the 
coarsening of the Fe particles, resulting in larger Fe particles and reduced number densities 
(Figures 2-5b,e,h,k). In contrast, when the annealing was performed under H2 with CH4, 
carbon deposited at a small amount  (Figure 2-6), which possibly saturated Fe particles and 
passivated their surface, reducing their surface energy and thus suppressing the driving force 
for the coarsening process, resulting in small Fe particles with high number densities (Figures 
2-5c,f,i,l). However, CH4 neither deactivated the catalyst particles by forming "onions", nor 
grew CNTs under our experimental conditions. The reactivity of CH4, which is much smaller 
than that of C2H2 [30], should have been sufficient to just stabilize small Fe particles. The 
addition of CH4 was also effective in the subsequent CVD step, in allowing the SWCNTs to 
grow taller (Figure 2-4), and in suppressing increases in the diameter of the growing 
SWCNTs (Figure 2-7). Such effects can be understood in a fashion similar to the annealing 
step; i.e., CH4 stabilized the small Fe particles, and prevented them from coarsening through 
Ostwald ripening. Although we did not observe the mass loss of Fe through the subsurface 
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diffusion to the AlOx underlayer, which reportedly occurs at the later stage than Ostwald 
ripening [31], CH4 may show some effect in suppressing the mass loss, too, for the case of 
longer CVD time. The question remains as to why CH4 was needed during CVD, because 
there was a much larger influx of carbon from the C2H2 (millimeter length corresponding to 
10
6~7
 layers) than from the CH4 (up to a few layers).  
 
Figure 2-8. Schematic representation of the catalyst annealing and CVD growth of VA-
SWCNTs, without and with CH4. 
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2.8 Confirmation of absence of the CH4 steam reforming effect by 
gas chlomatography 
 
XPS analysis showed that CH4 is supposed to stabilize the Fe particles during the 
catalyst annealing by saturating and passivating them with carbon, thus reducing their surface 
energy and realizing catalyst particles small and dense. However, it is unclear if there is 
methane steam reforming occurring or not during CVD. In order to confirm this, we analyzed 
the composition of the carbon-containing species in the effluent gas from the C2H2-CVD 
reactor by GC-FID at 1 min interval during 10 min CVD (Figure 2-9). We first supplied the 
CVD gas to the reactor tube at room temperature (r. t.) to eliminate the influence of the 
catalytic reaction, and used the data as the reference. Under the condition without CH4 
addition and with 50 ppmv H2O (Figure 2-9a), for the effluent gas during CVD, CH4, C2H2, 
C2H6 and C2H4 were the main carbon containing species, and CO and CO2 were below the 
detection limit (1 pg/s). With 1 vol% CH4 addition without H2O (Figure 2-9b), the carbon-
based content of CH4 is 1.3 times higher than C2H2 because we inlet 1 vol% CH4 with 0.3 vol% 
C2H2 during CVD. Although there is some deviation for the CH4 content from the inlet 
content, the gas composition in (b) except for CH4 was the same as (a), sowing the minimal 
decomposition of CH4 under the condition (b). Figure 2-9c shows the effluent gas 
composition during CVD under the condition with 1 vol% CH4 and 50 ppmv H2O addition. 
Compared with condition (b), the gas composition of (c) was the same, again showing the 
minimal decomposition of CH4 during CVD. Because of the very small content of H2O, no 
CH4 steam was found during CVD. I also checked the change in CH4 concentration during 
catalyst annealing without and with H2O addition, and confirmed that there was negligible 
change (from 1.0 vol% to 0.98 vol% for both conditions (d) and (e)). Both CO and CO2 were 
below the detection limit for both conditions (d) without H2O and (e) with 50 ppmv H2O. 
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Therefore, we conclude that the effect of CH4 steam reforming is negligible during both 
catalyst annealing and CVD process.  
 
Figure 2-9. Gas compositions of the effluent gas during CVD analyzed by GC under the 
conditions of 26 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar with 0 vol% CH4 (a), 25 vol% 
H2/ 0 ppmv H2O/ 0.3 vol% C2H2/ Ar with 1 vol% CH4 (b), and 25 vol% H2/ 50 ppmv H2O/ 
0.3 vol% C2H2/ Ar with 1 vol% CH4 (c). Gas compositions of the effluent gas during catalyst 
annealing under the condition of 25 vol% H2/ 1 vol% CH4/ Ar without H2O (d) and with 50 
ppmv H2O (e). 
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2.9 Effect of different CH4 concentration on SWCNT synthesis 
 
With 1 vol% CH4 addition, we obtained SWCNTs with larger height and smaller 
diameter. In order to confirm the effect of different CH4 addition on SWCNT synthesis, we 
performed additional experiments with CH4 concentrations of 0 (Figure 2-10a), 0.1 (Figure 2-
10b), 1 (Figure 2-10c) and 10 vol% (Figure 2-10d). Figure 2-10 shows the photographs of 
SWCNTs grown on Fe/AlOx surface with tFe = 0.70 nm and also the corresponding cross-
section SEM images for them under different CVD conditions. Table 2-2 shows the results 
comparing the height of SWCNTs and their graphitic to defect peak intensity ratio (IG/ID) with 
different CH4 concentrations. With 0.1 vol% CH4 addition (Figure 2-10b), VA-SWCNTs is 
around 1.1 mm in height with IG/ID = 7.3. Compared with the condition without CH4 addition 
with 1 mm in height (Figure 2-10a), there is a little improved, while the G band and D band 
ratio is larger, which means that CH4 addition can improve the quality of SWCNTs. After 
increasing CH4 addition to 10 vol% (Figure 2-10b,d), we can notice that the height of 
VASWCNTs is larger compared with both without and with 0.1 vol% CH4 (Figure 2-10a and 
c), which is around 1.2 mm. However, the height is not as large as with 1 vol% CH4 addition 
(1.3 mm in height, Figure 2-10c) and the G band to D band ratio is also smaller (IG/ID = 10.7). 
Therefore, SWCNTs are of higher quality with the addition of CH4. 1 vol% CH4 addition is 
the best to improve the height and quality of SWCNTs. The CH4 addition showed the best 
effect at 1 vol% addition but improved the SWCNT growth to a certain extent for a wide 
range from 0.1 to 10 vol%. The change in the height of SWCNTs was not so significant, 
whereas the change in the graphitic to defect peak intensity ratio (IG/ID) by Raman 
spectroscopy was more significant. 
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Table 2-2. Comparing of SWCNTs synthesized with different CH4 concentrations 
CH4 concentration 0 vol% 0.1 vol% 1 vol% 10 vol%  
Height of VASWCNTs 1.0 mm 1.1 mm 1.3 mm 1.2 mm  
IG/ID 5.2 7.3 13.1 10.7  
Figure 2-10. Photographs (a,b,c,d) and the corresponding cross-sectional SEM images of 
VA-SWCNTs synthesized on Fe/AlOx surface with tFe = 0.70 nm under the CVD conditions 
of 26 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar without CH4 (a), 25.9 vol% H2/ 50 ppmv 
H2O/ 0.3 vol% C2H2/ Ar with 0.1 vol% CH4 (b), 25 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ 
Ar with 1 vol% CH4 (c), and 16 vol% H2/ 50 ppmv H2O/ 0.3 vol% C2H2/ Ar with 10 vol% 
CH4 (d).  
 
2.10 Effects of other hydrocarbons: Catalyst annealing under H2 
with CH4, C2H4, and C2H2. 
 
We next examined the addition of C2H2 and C2H4—which are popular and efficient 
carbon feedstocks for SWCNTs—during "catalyst annealing", i.e., during heating to and 
holding for 5 min at 800 C, and compared their effects with that of CH4. Figure 2-11a,c,g 
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shows photographs of the Fe/AlOx surfaces (tFe = 0.70 nm) after "annealing" under H2 with 
CH4, C2H4, and C2H2, respectively. No CNTs grew with the addition of CH4 (Figures 2-11a,b) 
and only catalyst annealing took place. Irregularly big particles were observed at a very low 
density on the substrate surface (Figure 2-11b). Note that the resolution of the SEM was 
insufficient to observe the tiny particles observed by AFM (Figure 2-5). When C2H4 was 
added, not only the catalyst annealing but also CVD took place and 0.1 mm-tall VA-CNTs 
grew uniformly on the substrate (Figures 2-11c-f). The CNTs were well aligned vertically, 
and their Raman spectrum (Figure 2-13a) showed a branched G-band peak with a RBM peak, 
which are characteristic for SWCNTs. Their G/D ratio of 5.7 was similar to that of SWCNTs 
grown using C2H2, without the addition of CH4 (Figure 2-1e,h); this indicated that C2H4 
played a role as a carbon feedstock, but did not play a role in keeping the Fe particles small 
and dense. Note that C2H4 pyrolyzes and yields C2H2 under our experimental conditions (a 
residence time of 4 s at 800 C) [32], resulting a CNT growth from C2H4
 
[16-18] that was 
similar to that from C2H2 [14,19]. With the addition of C2H2, the catalyst annealing as well as 
CVD took place, however, the CNTs grew only over a part of the substrate in a dotted pattern 
(Figure 2-11h). In their Raman spectrum (Figure 2-13b), the G-band peak was broad, the 
RBM peaks were absent, and the G/D intensity ratio was as small as 0.96, indicating the 
formation of low-quality MWCNTs. These results show that CH4, which has the lowest 
reactivity [30], was effective in forming small and densely packed Fe particles that resulted in 
tall VA-SWCNTs with small diameters; C2H4, which has a moderate reactivity [30], had no 
significant effect on the stability of the Fe particles, and functioned as a feedstock for the VA-
SWCNTs; and C2H2, which has the highest reactivity [30], deactivated the small Fe particles 
and yielded MWCNTs during the annealing step (i.e., heating the sample to and holding it at 
800 C under an H2 environment).   
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Figure 2-11. Photographs (a,c,g), top-view SEM images (b,d,h), and cross-sectional SEM 
images (e,f,i,j) of the Fe/AlOx surfaces (tFe = 0.70 nm) after "annealing" (i.e., heating to and 
holding for 5 min at 800 C) under 25 vol% H2/ 50 ppmv H2O/ Ar with 1 vol% CH4 (a,b), 1 
vol% C2H4 (c-f), and 1 vol% C2H2 (g-j). No CNTs grew with the addition of CH4 (a), VA-
CNTs grew uniformly with the addition of C2H4 (c), and VA-CNTs grew in a small part of the 
substrate with the addition of C2H2 (g). SEM images (h-j) were taken at the black dotted 
patterns in (g). 
Here arises a question; which are important, the reactivity of the hydrocarbon additives 
or the carbon deposition rate? We then studied the effect of the C2H2 addition for a range of 
its concentration. With 0.1 and 0.01 vol% C2H2, VA-CNTs grew uniformly over the substrate 
(Figure 2-12a-h). In their Raman spectrum (Figure 2-13c,d), however, the G-band peak was 
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broad, the RBM peaks were absent, and the G/D intensity ratio was as small as 1.2 and 2.9, 
respectively, indicating the formation of low-quality MWCNTs. Further decrease in C2H2 
concentration to 0.002 vol% resulted in no CNT growth (Figure 2-12i,j), and only the 
irregularly big particles at a very low density were observed in the top-view SEM image. 
Because this result with 0.002 vol% C2H2 was similar with that with 1 vol% CH4, we 
examined CVD using this catalyst. We first "annealed" the Fe/AlOx sample under 26 vol% 
H2/ 50 ppmv H2O/ Ar with 0.002 vol% C2H2 and then carried out CVD with 0.302 vol% C2H2 
with 26 vol% H2/ 50 ppmv H2O/ Ar at 800 C for 10 min, mimicking the condition "with CH4 
throughout" but replacing 1 vol% CH4 with 0.002 vol% C2H2 and 1 vol% H2. VA-CNTs grew 
uniformly over the substrate (Figure 2-12k-n) and had a height of 0.40 mm and G/D ratio of 
8.4. Compared with the VA-SWCNTs grown "without CH4 throughout" having a height of ~ 
1 mm and G/D ratio of 5.4 (Figure 2-2), the height was smaller and the G/D ratio was larger. 
Compared with the VA-SWCNTs grown "with CH4 throughout" having a height of > 1 mm 
and G/D ratio of 12.6 (Figure 2-2), both the height and G/D ratio were smaller. It was very 
difficult to achieve the similar effect of 1 vol% CH4 by adjusting the C2H2 concentration. We 
conclude that CH4 having a low reactivity is effective in forming small and densely packed Fe 
particles and growing tall VA-SWCNTs with small diameters.  
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Figure 2-12. Photographs (a,e,i,k), top-view SEM images (b,f,j,l), and cross-sectional SEM 
images (c,d,g,h,m,n) of the Fe/AlOx surfaces (tFe = 0.70 nm) after "annealing" (heating to and 
holding for 5 min at 800 C) under 26 vol% H2/ 50 ppmv H2O/ Ar with C2H2 of 0.1 (a-d), 
0.01 (e-h), and 0.002 vol% (i,j,k-n). For (k-n), CVD was also done with 0.302 vol% C2H2/ 26 
vol% H2/ 50 ppmv H2O/ Ar at 800 C for 10 min after annealing.  
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Figure 2-13. Raman spectra for the Fe/AlOx surfaces with tFe = 0.70 nm after "annealing" 
(heating to and holding for 5 min at 800 C) under 25 vol% H2/ 50 ppmv H2O/ Ar with either 
(a) 1 vol% C2H4 (a) or (b) 1 vol% C2H2, and under 26 vol% H2/ 50 ppmv H2O/ Ar with (c) 0.1 
vol% C2H2 and (d) 0.01 vol% C2H2. For (e), the sample was "annealed" under 26 vol% H2/ 50 
ppmv H2O/ Ar with 0.002 vol% C2H2 and then CVD was done with 0.302 vol% C2H2/ 26 
vol% H2/ 50 ppmv H2O/ Ar at 800 C for 10 min. The samples were the same as those shown 
in Figures 2-11c-f (a), 2-11g-j (b), 2-12a-d (c), 2-12e-h (d), and 1-12k-n (e). 
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2.11 Cost analysis of the source gases for the production of CNTs 
 
This work was in the collaboration with a private company targeting at practical 
production, they made a cost evaluation and told us that the price of H2 was not so cheap. But 
I must make a survey by myself, of course, and made it and showed the results below.  
We made a cost analysis not for the basic research on the on-substrate growth of this 
chapter but for the applied research on the FBCVD in Chapters 3 and 4. In our FBCVD 
process, productivity (0.6–0.8 g-CNT/ 0.5 L-reactor/h, corresponding to 1.2–1.6 kg-CNT/ m3-
reactor/ h, reference from Chapter 3 and 4) and carbon yield (40%) are high (about half of 
those for the gas-phase polymerization process for polyethylene). But the reactant C2H2 is fed 
at a concentration as low as 0.37–1.1 vol% and thus the cost of the other gases are not 
negligible as shown below. During the survey, we learnt that the price changes largely for the 
industrial scale, depending on the amount and the contract, and such information is very 
confidential. The prices of the gas can be obtained in cylinders for the laboratory use mainly 
and thus use those values in the thesis.  
Ar is currently used at the largest amount in our experiments (Table 2-3), it is highly 
required to replace Ar (725 yen/m
3
) with less expensive N2 (400 yen/m
3
) as balance gas to 
decrease the total cost for CNT synthesis. Our group member has already confirmed that 
CNTs can be synthesized when Ar is replaced with N2. If we use liquid N2-based N2 gas, the 
price decrease further to 75 yen/m
3
. Under these conditions, N2 accounts for ~50,000 yen/kg-
CNTs and H2 accounts for ~20,000 yen/kg-CNT. N2 and H2 will be recycled in the future 
process, and the cost will decrease to 1/10. Because the target price of CNTs is ~50,000 
yen/kg-CNTs for use as additives and ~5,000 yen/kg for use as main component in 
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Ar N2 O2 H2 C2H2 Total(Ar) Total(N2)
Amount m
3
/kg-CNT 691.5 691.5 79.3 90.2 2.5
Industrial price yen/m
3 725 400 400 700 2321.93
yen/kg-gas 2000
Gas-cost without gas recycle yen/kg-CNT ¥501,311 ¥276,585 ¥31,707 ¥63,128 ¥5,890 ¥602,036 ¥377,311
    Ar accounts for more than 80% of the total gas-cost and thus must be replaced with N2.
90% gas-recycle for Ar, N2, and H2
Amount m
3
/kg-CNT 69.1 69.1 7.9 9.0 2.5
Gas-cost with 90% yen/kg-CNT ¥50,131 ¥27,659 ¥3,171 ¥6,313 ¥5,890 ¥65,504 ¥43,032
gas-recycle for Ar, N2, and H2
batteries/capacitors, these costs for N2 and H2 are not negligible and thus there is a strong 
demand replacing high-purity H2 with low-purity H2 (please note that the price of low purity 
H2 is confidential and we could not obtain it). Moreover, H2 is widely used for various CVD 
processes for CNT production and our finding of the "CH4-assist effect" would be beneficial 
for such processes.  
Table 2-3. Amount and the commercial price of the gases used to produce 1 kg CNTs. 
*The price is for the 7 Nm
3
-cylinders. For the industrial scale, it will be reduced by several times. 
**Only one of Ar or N2 is used. In my experiment, I normally use Ar but we have confirmed that N2 
can be used in place of Ar.  
***Ar/N2 and H2 will be recycled in the practical process. Estimation is made in the lower columns 
assuming the 90% recycling for these gases. 
 
2.12 Conclusions 
 
In summary, we found that the addition of CH4 in both the annealing and CVD steps is 
effective in keeping the Fe particles small and dense, and yielding taller VA-SWCNTs with 
smaller diameters. During the catalyst annealing, the CH4 deposited carbon at a small amount 
on the Fe particles, which prevented the coarsening of the Fe particles through Ostwald 
ripening, possibly by reducing the surface energy of the Fe particles. CH4 also prevented the 
coarsening of the Fe particles during CVD, enhancing the growth lifetime and preventing 
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increases in the diameter of the VA-SWCNTs. Further study is needed to clarify the role of 
CH4, because there was a huge influx of carbon to the Fe particles from C2H2 during CVD. 
These effects of CH4 widened the window of catalyst conditions suitable for the rapid growth 
of VA-SWCNTs. When C2H4 (which has a moderate reactivity) was added during the catalyst 
annealing, it functioned only as a feedstock for CVD, yielding VA-SWCNTs without 
improving the quality of the SWCNTs. When C2H2 (which has a high reactivity) was added 
during the catalyst annealing, it deactivated the small catalyst particles and yielded non-
uniform VA-MWCNTs. CH4-assisted CVD is an efficient and practical method that uses H2 
containing CH4, which is available as a byproduct in chemical factories. 
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Chapter 3 - Fluidized bed CVD (FBCVD) of submillimeter-
long CNTs using an internal heat-exchange reactor 
(Part of this chapter has been published in: Zhongming Chen, et al., Carbon, 
2014.) 
 
3.1 Introduction 
 
CNTs have attracted a lot of attention owing to their unique one-dimensional 
nanostructure and extraordinary electrical, thermal, mechanical, and optical properties. Their 
ability to form self-organized conductive networks as well as their large specific surface area, 
high chemical/mechanical stability, and light weight make them an attractive candidate for 
electrodes of batteries, capacitors, and solar cell devices [1–6]. The low-cost production of 
CNTs will open many opportunities for their practical application. Different methods have 
been used to produce high-quality CNTs, including electric arc discharge [7,8], laser 
vaporization [9], CVD [10–12], and plasma-enhanced CVD [13]. Among these methods, 
CVD is one of the most commonly used techniques for laboratory- and commercial-scale 
controllable synthesis of CNTs. FBCVD is one of the most popular ways for the mass 
production of CNTs because of advantages in terms of providing sufficient surface area for 
supporting catalysts and growing CNTs, excellent mass and heat transfer, easy scale-up, and 
continuous operation [14–17]. SWCNTs to MWCNTs have been mass produced by FBCVD. 
However, CNTs tend to entangle with catalysts and supports and thus need post treatment, 
which creates additional costs and damages the CNTs.  
Since the report in 1996 [18], VA-CNT arrays have been a focus in CNT production 
because of the uniform tube length, uniform orientation, and extra high purity. Impurity-free, 
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millimeter-long, SWCNTs have been produced by the water-assisted CVD method [19], and 
such synthesis is now possible using several CVD recipes on catalyst-supported flat substrates 
[20–23]. However, the limited surface area of the 2D growth substrate is a major obstacle for 
the mass-production of such CNTs. To improve the productivity of CNT arrays, some 
researchers have chosen 3D support materials to extend the reaction surface. Xiang et al. used 
spherical ceramic beads in a thin fixed-bed and synthesized MWCNT arrays [24–26]. Zhang 
et al. used vermiculite as  catalyst carrier and grew micrometer-tall MWCNT arrays among 
the layers of vermiculite via FBCVD, and realized the mass production of CNTs at 3.0 kg/h 
using a pilot plant reactor with an inner diameter of 0.5 m [16,27].  
We previously developed an original FBCVD method and realized semi-continuous 
production of submillimeter-long few-wall CNTs (FWCNTs) from acetylene (C2H2) at a high 
carbon yield 70% and short gas residence time of ~0.3 s [17]. The high gas feed enabled the 
rapid conversion of C2H2 to CNTs but caused insufficient heating of the bead bed when 
scaled up. In situ catalyst deposition on spherical alumina (Al2O3) beads by the FBCVD 
enabled the semi-continuous operation of catalyst deposition, CNT growth, and CNT 
separation/collection. However, the catalyst vapor fed through the distributor caused stacking 
after ~20 cycles and resulted in an interrupted semicontinuous operation. In this study, we 
designed and developed a new FBCVD reactor with an internal heat-exchange and preheating 
zone, and investigated its performance in producing sub-millimeter-long CNTs. With the new 
design of the react0r tube, CVD gas can be preheated before contacting with beads. The CNT 
amount was increased from 0.25 to 0.82 g/cycle while CNTs retained the submillimter- long 
array structure. From the transmission electron microscopy (TEM) analysis, we found that the 
average diameter of the CNTs increased to 11 nm.  
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3.2 Methods 
 
All processes for catalyst (re)deposition, catalyst reduction, CNT growth, CNT 
separation, and removal of residual carbons were performed in a single FBCVD reactor 
(Figure 3-1), similarly to our previous work [17] but using a new reactor tube with an internal 
heat-exchange and preheating zone. Commercially available Al2O3 beads (purity > 99.95 
wt.%, 0.5 mm average diameter, and 3.89 g cm
−3
 density, Taimei Chemicals, Japan) were 
loaded in the reactor with a static bed height of 30 mm. All of the gases except for the catalyst 
vapor were fed into the outer tube (inner and outer diameters of 50 and 55 mm, respectively). 
The gas flew down and was preheated by the furnace and the hot effluent gas in the inner tube, 
and then flew into the inner tube (inner and outer diameters of 40 and 44 mm, respectively) 
through the distributor at the bottom of the reactor tube. Catalyst vapors of aluminum-
isopropoxide and ferrocene were fed directly into the bed through the catalyst line penetrating 
the distributor from the bottom, minimizing their decomposition in the catalyst line while 
promoting their decomposition on the “hot beads” (Figure 3-1a, see also the detailed structure 
in Supplementary data, Figure S1). An AlOx support layer was formed on the beads in 2 min 
by supplying aluminum isopropoxide vapor, which was sublimated in an evaporator at 130 
o
C 
and carried in 450 standard cm
3
 Ar gas [225 standard cubic centimeter (sccm), 3 atm for 2 
min]. AlOx support layer of a few tens of nanometers in thickness is very important to activate 
the Fe particles, not only for the growth on flat substrates but also for the FBCVD growth on 
Al2O3 beads with sputtered catalyst. We have carefully adjusted the Ar carrier gas volume to 
make Fe particles active and fixed it at 450 standard cm
3
. Then, Fe particles were formed on 
the AlOx layer by sublimating ferrocene carried in 50–250 standard cm
3
 Ar gas (25–125 sccm, 
2.5 atm for 2 min) at 120 C to adjust the amount of Fe. Deposition of both AlOx and Fe was 
performed with 4 vol% O2/Ar to completely decompose the vapor, and at 20 slm to fluidize 
           
 
 
74 
 
the bed well and uniformly deposit the catalyst on the beads. After reducing the deposited Fe 
by flowing 26 vol% H2/0.06 vol% H2O/Ar at 9.48 slm for 10 min, CVD was performed by 
flowing 0.37–1.1 vol% C2H2/26 vol% H2/0.06 vol% H2O/Ar at 9.48 slm for 10–20 min 
(Figure 3-1b). Note that, the time for catalyst deposition was separated from that for CNT 
growth to obtain better control of the catalyst diameter (and thus the CNTs) and to ensure the 
continuous growth of CNTs from the catalysts on the bead’s surface [17]. The CNTs were 
then separated from the beads by vigorously fluidizing the bed with Ar gas at 20 slm for 10 
min (Figure 3-1c). The residual carbon on the beads was removed by oxidizing with 20 vol% 
O2/Ar at 5 slm for 5 min. The cycle was then moved to the redeposition process. Note that the 
AlOx support layer was deposited every cycle to cover the coarsened Fe particles and have 
fresh Fe particles to maintain the small diameter of the catalyst particles and CNTs for further 
cycles [17]. These processes were repeated at a constant bed temperature of 745 C by 
changing the gas flow to minimize the time and energy consumed for cooling/heating the bed 
[17]. Al2O3 beads with a relatively large diameter of 0.5 mm were used to keep the beads in 
the reactor tube under a high gas flow for growth and separation of CNTs. For such big beads, 
the minimal fluidization velocity is about 0.1 m s−
1
 [17]. We kept the flow rates and thus the 
gas velocities high enough for all steps of catalyst deposition (20 slm total flow rate and 1.0 m 
s−
1
 gas velocity), catalyst reduction (9.48 slm and 0.47 m s−
1
), CNT growth (9.48 slm and 
0.47 m s−
1
), CNT separation (20 slm and 1.0 m s−
1
), and oxidation of the residual carbon (5 
slm and 0.25 m s−
1
), resulting in a slugging fluidized bed (ambient pressure for all steps). 
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Figure 3-1.  Schematic of the semi-continuous fluidized-bed process: (a) deposition of 
AlOx support layer from aluminum-isopropoxide followed by deposition of Fe catalyst 
particles from ferrocene; (b) reduction of Fe catalyst by introducing H2 followed by CNT 
growth by feeding C2H2; and (c) separation of CNTs from beads by increasing Ar gas flow. 
After removing the residual carbon on the beads by introducing O2, the next cycle is carried 
out starting at step (a). The whole process can be repeated by just changing the gas flow while 
keeping the bed heated at a fixed temperature for tens of cycles without changing the beads. 
The synthesized CNT samples were characterized by field emission SEM (S-4800, 
Hitachi, Japan). Some VA-CNTs were transferred from the beads to copper microgrids using 
tweezers and observed via TEM (JEOL 2000EX, Japan). The CNT powders after separation 
were characterized by TG-DTA with a ramp rate of 5 °C/min in air (TG8120, Rigaku, Japan). 
The BET surface areas of the CNT samples were determined by N2 (77 K) volumetric 
adsorption (Quantachrome Instruments Autosorb 1C, FL, USA) after pre-evacuation at 423 K 
and 10
−4
 Pa for 2 h. The CNT paper made by dispersion in ethanol and vacuum filtration was 
analyzed by X-ray fluorescence spectroscopy (XRF, ZSX Primus 2, Rigaku, Japan) to 
determine its elemental composition. The nominal thickness of the deposited Fe on the beads 
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and the composition of the ash of the CNTs after the TG-DTA measurement were analyzed 
using an energy dispersive X-ray spectrometer (EDS, EDAX Genesis) coupled with SEM. 
The catalyst deposited on the bead surface was analyzed by atomic force microscopy (AFM; 
SPM 9600; Shimadzu, Kyoto, Japan). The composition of the effluent gas from the FBCVD 
reactor was measured using a GC (GC-2014, Shimadzu, Japan) equipped with a FID. 
 
3.3 Heating state of the bed in the reactor with an internal heat-
exchange and preheating zone 
 
We first investigated and compared the heating states of the bead bed (30 mm static 
height) using the old single tube (22 mm in inner diameter, Figure 3-2a) and the new coaxial 
double tube (40 mm in inner diameter for the bed, Figure 3-2b) using the same furnace (300 
mm in length, the distributor set at 32 mm from the furnace bottom, and the thermocouple for 
furnace control set outside of the reactor tube at 150 mm from the furnace bottom) with the 
same set temperature of 820 C and various Ar flow rates. As with the old singular reactor 
tube (Figure 3-2a), the top region of the bed was heated well to 830 C at 140 mm from the 
distributor, but the bottom of the bed was insufficiently heated (690 C) for an Ar flow rate of 
3.16 slm. The temperature of the distributor of the reactor tube decreased to 630 °C with an 
Ar flow rate of 10 slm. Although fluidized beds are known to effectively enhance mass and 
heat transport, rapid gas feed with a residence time ≤0.3 s causes insufficient heating. Such 
insufficient heating becomes more serious for larger reactor tubes. In contrast, for the new 
reactor tube with two feed lines (Figure 3-2b), one line from the bottom directly to the bed for 
catalyst vapors and the other line for the other gases from the top through the heat-exchange 
and preheating zone and the distributor at the bottom, the temperature was more uniform. For 
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the low total gas feed rate of 5 slm, the temperature at the distributor of the reactor tube was 
750 C because 1 slm Ar gas was directly fed into the bed from the catalyst line without 
preheating. With the increase in the total gas feed, the effect of the cold Ar gas decreased, the 
temperature became more uniform, and the temperature at the bottom of the reactor tube 
increased, reaching 780 °C at a high Ar gas feed rate of 30 slm (corresponding to a space 
velocity as high as 3600 h
−1
). It should be noted that this more uniform heating was achieved 
for a reactor tube with a larger diameter (40 mm) than the old reactor tube (22 mm).  
We also did computational fluid dynamics simulation using the Fluent software for both 
the old and new reactor tubes to compare the heating state of them with different gas flow 
rates. The simulation was done just with Ar gas feed without beads and the set temperature is 
820 
o
C. In Supporting Information, Figure S2, we can find that the temperature profile 
changed a lot with the gas flow rate increase, which agrees with the measured temperature 
profile in Figure 3-1a. We can notice that the condition is quite opposite to the new tube, the 
temperature profile keeps constant with the increase in the gas flow rate and agrees with the 
measured temperature profile in Figure 3-1b. The uniform heating even with the cold catalyst 
line gas will realize the efficient control of CNT growth by FBCVD with minimal catalyst 
stuck in the feed line. In addition, improved heating for the increased gas feed rate suggests 
good compatibility with scale-up. Furthermore, the heat-exchange zone will enable the 
reduction of the heating power consumption by heating the cold inlet gas with the hot effluent 
gas.  
Next, I discuss the effect of the reactor diameter on the heat transfer efficiencies for the 
conventional single tube reactor and the new coaxial double tube reactor. Equation (1) is for 
the heat flow Q for a fluid with a heat transfer area A, thermal conductivity k, temperature 
difference between the reactor wall and the fluid ΔT, and the boundary film thickness δ. 
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Figure S3 shows the relationships between A, δ , and the inner diameter of the reactor tube d 
for each factor. In case of the conventional single tube reactor (old tube),δ  d. Thus, 
according to equation (1), Q  d0. Whereas, the gas flow rate F  d2 and thus the heat needed 
to heat the gas increase with d
2
. With the diameter increase by 10 times, the heat needed to be 
transferred increases by 100 times whereas the heat flow remains unchanged. Thus it results 
in the insufficient heating of the gas upon scale up. On the other hand, in case of the new 
coaxial double tube, δ can be kept constant for increasing d. According to equation (1), Q  d. 
With the diameter increase by 10 times, the heat needed to be transferred increases by 100 
times whereas the heat flow increases by 10 times. Therefore, the new coaxial double tube is 
more compatible with scale-up compared with the old single tube (conventional reactor). 
These results are consistent with the temperature profiles of both reactor tubes in Figure 3-2 
and Figure S1. 
         δ                    …………………              Equation (1) 
For laboratory experiments, keeping the bed at the setting temperature is crucially 
important to carefully control the catalyst particle size and the resulting CNT diameter. Thus 
we used this reactor as a convenient and effective means. For the practical aspect, because the 
reaction temperature is as high as 745 
o
C, the connection between preheater or heat exchanger 
with reactor is not so easy. In addition, we have to carry such hot gas within sub-seconds to 
avoid the gas-phase non-catalytic pyrolysis. Therefore, this configuration would be useful 
also for the practical CNT production. 
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Figure 3-2.  Schematics of (a) the old single tube and (b) the new coaxial double tube with 
temperature distributions for various Ar gas feeds. In (a), Ar gas was fed at 3.16–10 slm to the 
bed through the distributor at the bottom. In (b), Ar gas was fed through two inlets: constantly 
from the catalyst line at the bottom at 1 slm and from the top through the heat-exchange and 
preheating zone and the distributor at the bottom at 4–29 slm. The inner tube diameter for the 
bed was 22 mm for (a) and 40 mm for (b), and the set temperature was 820 C for both (a) 
and (b). 
3.4 Semi-continuous production of CNTs and the resulting CNT 
structure 
 
Photos of the fluidized-bed reactor were taken at ambient temperature without gas flow 
at each step by interrupting the semi-continuous operation (Figure 3-3). 82 g of pristine Al2O3 
beads initially had a bed height of 3 cm (Figure 3-3a). After depositing the Fe/AlOx catalyst 
on the beads and reducing them with H2, CVD was carried out for 20 min. The bead bed 
remarkably increased in height (by more than four times) from 3 to 13 cm owing to the sub-
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millimeter-long CNT arrays grown on the bead surfaces (Figure 3-3b). These CNT arrays 
were easily separated from the beads by vigorously fluidizing the beads with an increased Ar 
carrier gas flow and 0.82 g of CNTs, which corresponds to a carbon yield of 37% (note that 
2.23 g carbon was fed as 1.1 vol% C2H2 in 20 min), were collected in a 0.5 L bottle (Figure 3-
3d). The bead bed height decreased from 13 to around 3 cm (Figure 3-3c), indicating efficient 
separation of CNTs from the beads. Then, the residual carbon on the beads was removed by 
oxidation with O2/Ar for 5 min.  
 
 
Figure 3-3. Photos of the fluidized-bed reactor taken by stopping the gas flow and 
interrupting the cycle at each step of the semi-continuous operation: (a) the bed with pristine 
beads before CVD; (b) the bead bed after CVD; (c) the bead bed after CNT separation; and 
(d) CNTs collected in a 0.5 L container in one cycle. All steps were simply performed by gas 
flow modulation at a fixed set temperature of 745 C in a single fluidized-bed reactor. 
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Figure 3-4a and b show the SEM images of the CNT arrays collected in the container 
(Figure 3-3d). The CNTs were 0.3–0.4 mm long and appeared well-aligned (Figure 3-4a). 
Note that CVD was carried out with a lower gas flow rate of 9.48 slm than for CNT 
separation (~20 slm) so that CNTs could continuously grow without separation during CVD. 
However, in the enlarged image in Figure 3-4b, the CNT array had rather poor alignment, 
which is sometimes observed for VA-CNT arrays. Figure 3-4d–f shows the TEM images of 
the CNTs taken near the top (Figure 3-4d), middle (Figure 3-4e), and bottom (Figure 3-4f) of 
a single piece of the CNTs taken out of the array. The inset histograms of the CNT diameter 
distributions show that the diameter increased with increasing depth. Figure 4c shows the 
average diameter of the CNTs at different depths from the top of the VA-CNTs. The diameter 
increased from 9.9 to 12.5 nm with an average diameter of 11 nm. Because CNTs grow in 
root growth mode, this result indicates that the diameter of the CNTs increases with time 
because of gradual coarsening of the catalyst particles during CVD, which is in good 
agreement with the diameter increase in growing SWCNTs during rapid growth on flat 
substrates by CVD [22,23,28,29]. Therefore, we have achieved the semi-continuous 
production of sub-millimeter-long CNTs using the new reactor tube with a larger cross-
section than our previous method. However, the resulting CNTs had a rather disordered 
structure with a large diameter. Next, we carried out the experiment with careful control of the 
catalyst and CVD conditions. The N2 adsorption measurement (Figure 3-5) for CNT powders 
at 77 K showed that the CNTs had a BET surface area of 367 m
2
 g
-1
 based on the BET plot. 
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Figure 3-4. (a, b) SEM images of the CNTs separated from the beads by the gas flow and 
collected in the container bottle. (c) The change in the average diameter of the CNTs plotted 
against the depth from the top of the CNT arrays. The error bars show the standard deviation. 
(d–f) TEM images and diameter distributions of CNTs at the top, middle, and bottom of a 
single piece of the CNTs taken out from the array, respectively. 
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Figure 3-5. (a) N2 adsorption isotherm at 77 K and (b) corresponding BET plot of the sub-
millimeter-long CNTs. CNTs were separated from the beads by vigorous fluidization. The 
closed and open symbols in (a) indicate adsorption and desorption processes, respectively. 
 
Figure 3-6a showed that the CNTs had a carbon purity of 97.2 wt.%, with a small 
content of amorphous carbon of 2 wt.%, and an oxidation stability of about 660 
o
C. We 
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analyzed the compositions of the ash after TG-DTA by EDX (Figure 3-6b) The ash contained 
Fe and Al, which are attributed to the Fe catalyst and AlOx support layer being scraped off 
during the vigorous fluidization for CNT separation. The small Si content should be attributed 
to the reactor tube made of quartz glass being scraped off slightly. The weight of ash was 0.25 
mg, which is in good agreement with carbon purity of 97.2 wt.% in the 9.7 mg CNTs used for 
the TG-DTA measurement. 
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Figure 3-6. TG-DTA curves of the CNTs (sample weight of 9.7 mg) synthesized by FBCVD 
and separated from the beads by vigorous fluidization. (b) Elemental composition of the ash 
after the TG-DTA measurement. 
 
We analyzed the composition of the carbon-containing species in the effluent gas from the 
FBCVD reactor by GC-FID at 2 min interval during 20 min CVD (Figure 3-7). We first 
supplied the CVD gas to the tube filled with pristine beads at room temperature (r. t.) to 
eliminate the influence of the catalytic reaction, and used the data as the reference. For the 
effluent gas during CVD, CH4, C2H2, CO2 and C2H4 were the main carbon containing species. 
Small peaks for C2H6 and CO were also detected. There were two stages for CNT growth. 
One is the early stage from 0 to 6 min, where the conversion of C2H2 to undetectable carbon 
(mostly CNTs) was as high as 70–80%. The other is the later stage from 8 to 20 min, where 
the catalyst gradually deactivated and the conversion decreased to 70–40%. The total 
conversion was around 60%. From this graph, we find that a certain fraction of catalyst has a 
lifetime longer than 10 min. 
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Figure 3-7. Composition of the effluent gas from the FBCVD reactor for different CVD times 
analyzed by GC-FID. 
 
3.5 Conclusions  
 
Aiming at efficient synthesis of CNTs at low cost with controlled structure to put them 
for practical application, we designed and developed a new heat-exchange reactor for FBCVD. 
The sufficient heating of reaction gas and large reaction area provided the bead bed realized 
the synthesis of CNTs with an increased scale. Internal heat-exchange reactor enabled semi-
continuous production of submillimeter-long CNTs with an increased reactor volume of ~ 0.5 
L, and will enable further scale-up as predicted by the computational fluid dynamics 
simulation. But some problem arose in the resulting CNT structure, that is, FWCNTs proved 
to have an increased average diameter of 11 nm and a reduced carbon purity of 97.2 wt%. 
Careful control over the catalyst and CVD conditions are needed for improvements both in 
quantity and quality of CNTs, which is made in the next chapter.  
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Chapter 4 - Semi-continuous production of CNTs with 
smaller diameter using an internal heat-exchange reactor 
(Part of this chapter has been published in: Zhongming Chen, et al., Carbon, 
2014.) 
 
4.1 Introduction 
 
CVD method, which offers a versatile control and possibility of scale-up, is the most 
promising method of producing CNTs with controlled structure [1-6]. In order to produce 
CNTs with high productivity and desired atomic structures, lots of efforts have been made 
toward uncovering the mechanism of CNT growth in CVD process [7-11]. The unique 
properties of CNTs are closely linked to their structural parameters. Their diameter and 
number of walls belong to such parameters, which can affect their flexibility and conductivity. 
With the goal of putting CNTs in practical application, precise control of the diameter of 
produced CNTs is therefore a goal of this thesis. In most CVD processes, one catalyst particle 
nucleates one CNT. In consequence, the diameter of the CNT is closely related to the size of 
the catalyst particle. With this basic knowledge, many researchers try to grow CNTs with 
smaller diameter and/or narrow diameter distribution by using smaller and/or identical 
catalyst particles [11-15]. Cheung et al. reported that by controlling the catalyst particle size, 
the diameter of CNTs could be controlled [16]. Lu et al. further proposed that there exists a 
unified theory on the relationship between nanoparticle size, growth condition, growth 
temperature, and diameter of the resulting CNTs. The key parameter for the proposed 
relationship is the carbon feed rate at the growth step in a CVD process [17]. 
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We previously developed the ‘‘combinatorial masked deposition’’ (CMD) method and 
applied this method to screening and optimization of the catalyst conditions for SWCNT 
growth [18-22]. Using the combinatorial catalyst libraries coupled with real-time monitoring 
of SWCNT growth, the catalyst and CVD conditions were systematically studied. The keys 
for this growth are to maintain the C2H2 pressure below its upper limit to prevent the killing 
of the catalysts and to grow the SWCNTs before the catalyst particles lose their activity 
because of coarsening through Ostwald ripening. Control of the catalyst particle size is 
crucially important to control the diameter of CNTs. Because the catalyst particle size can be 
controlled by the nominal thickness of the catalyst layer to a large extent [22,23], we changed 
the Ar carrier volume for ferrocene and examined the structure of resulting Fe particles by 
AFM. By reducing the feed of the catalyst vapor and the catalyst particle size, and by 
reducing the C2H2 feed and preventing the deactivation of small catalyst particles, we realized 
the semi-continuous production of 99.6–99.8 wt%-pure, 0.2-mm-long FWCNTs with an 
average diameter of 6.5 nm with a carbon yield of 42% and the gas-residence time of 0.3 s. 
 
4.2 Methods 
 
The methods are described in Chapter 3. Typically, all processes for catalyst (re-
)deposition, catalyst reduction, CNT growth, CNT separation, and removal of residual 
carbons were performed in a single FBCVD reactor of coaxial double tube. All the gases 
except for the catalyst vapor were fed to the outer tube, flown down and preheated by the 
furnace and the hot effluent gas in the inner tube, and then flown into the inner tube through 
the distributor at the bottom. In Chapter 3, we realized the synthesis of CNTs with a large 
diameter ~11 nm. We tried to produce CNTs with smaller diameters by reducing catalyst 
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source for smaller catalyst particles and reducing carbon feed not to deactivate such catalyst 
particles. Firstly, total Ar carrier for ferrocene was changed from 50 to 250 standard cm
3
 with 
the same Ar carrier volume for aluminium iosopropoxide supply. CVD was carried out with 
the same condition as before with CVD times of 10 and 20 min. Hereafter, with Ar carrier for 
ferrocene of 50 and 250 standard cm
3
, CVD was performed by flowing 0.73 vol% and 0.37 
vol% C2H2/ 26 vol% H2/ 600 ppmv H2O/ Ar at 9.48 slm for 10 and 20 min, respectively. The 
same analytical method as in Chapter 3 is applied to the resulting CNTs.  
 
4.3 Controlling the amount and size of Fe particles  
 
Figure 4-1a shows the nominal thickness of Fe deposited on the AlOx layer on the Al2O3 
beads, measured by SEM-EDS. To determine the average value for different beads, three 
different points were measured for each bead and five beads were measured for each 
condition. The nominal Fe thickness was 1.77 nm with 250 standard cm
3
 Ar used to carry 
ferrocene, and it decreased linearly with the Ar carrier volume to 0.28 nm with 50 standard 
cm
3
 Ar for ferrocene. Figure 4-1b–d shows the AFM images of the Al2O3 bead surface with 
(b) AlOx support layer and (c,d) Fe catalyst particles on AlOx support layer. The AlOx support 
layer had roughness with in-plane size of several tens nanometers (Figure 4-1b). Ferrocene 
carried by 250 standard cm
3
 Ar formed Fe particles of around 20–40 nm in diameter (Figure 
4-1c), and that carried by 50 standard cm
3
 Ar formed smaller Fe particles of around 10–20 nm 
in diameter (Figure 4-1d). The nominal Fe thickness was in a similar range with the sputtered 
catalyst for millimeter-tall SWCNTs on flat substrates (0.5–1.0 nm, typically) [18,21,24], 
however the number density of Fe particles was about one-order smaller (10
10–11
 cm
–2
) than 
the sputtered catalyst (typically ~11012 cm–2 [21]). The difference possibly arises from the 
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different reactivity of depositing Fe species; Fe atoms by sputtering attach to both the AlOx 
support layer and the nucleated Fe particles whereas ferrocene may preferentially attaches to 
the nucleated Fe particles, resulting in the larger Fe particles with smaller number density. 
 
Figure 4-1. (a) Relationship between the nominal Fe thickness and the Ar carrier gas volume 
for ferrocene. AFM images of the alumina bead surface with different catalyst layers: (b) 
AlOx, (c) 1.77 nm Fe on AlOx, and (d) 0.28 nm Fe in AlOx. The AlOx layer was deposited by 
carrying aluminum isopropoxide using 450 standard cm
3
 Ar gas in all cases. The Fe catalyst 
was deposited on the AlOx layer by carrying ferrocene using (c) 250 and (d) 50 standard cm
3
 
Ar gas and reduced with 26 vol% H2/0.06 vol% H2O/Ar at 9.48 slm for 10 min. 
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4.4 Effects of catalyst feed on the production amount of CNTs 
 
By using these catalysts, we next synthesized CNTs by FBCVD under the same 
condition as for Figures 3-3 and 3-4 (i.e., 1.1 vol% C2H2/ 26 vol% H2/ 0.06 vol% H2O/ Ar at 
9.48 slm and 745 C). Figure 4-2 shows the SEM images, array lengths, and weight of the 
CNT arrays collected in the container bottle. From the SEM images, we can see that all the 
CNTs are aligned and sub-millimeter long, even after vigorous fluidization for separation. 
Array lengths were longer for larger Ar carrier volume for ferrocene (i.e. larger Fe particles 
with larger nominal Fe thickness, Figure 4-1), and for longer CVD time of 20 min (Figure 4-
2k). The weight of CNTs collected in a container bottle was 0.4–0.5 g per cycle for 10 min 
CVD and similar for different Fe feeds. Whereas the weight of CNTs increased from 0.45 to 
0.81 g per cycle for larger Fe catalyst feeds for 20 min CVD. The big Fe catalyst particles, 
formed with 250 standard cm
3
 Ar carrier for ferrocene (Figure 4-1c), yielded CNTs at 
increasing amount from 0.52 g in 10 min to 0.81 g in 20 min, meaning that such catalyst 
remained active for 20 min. Whereas the small Fe catalyst particles, formed with 50 standard 
cm
3
 Ar carrier for ferrocene (Figure 4-1d), yielded CNTs at similar amounts of 0.40 g in 10 
min and 0.45 g in 20 min, meaning that such catalyst was mostly deactivated in 10 min. To 
produce CNTs with smaller diameter at a high yield, it is essential to find the condition that 
keeps small Fe particles active for long CVD time.  
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Figure 4-2. (a–j) SEM images, (k) array lengths, and (l) weight of CNT arrays collected in 
the container bottle. The Ar carrier gas for ferrocene was varied between 50 and 250 standard 
cm
3
, and CVD was carried out under the same conditions as Figures 3-3 and 3-4, using 1.1 
vol% C2H2 for either 10 or 20 min. The array lengths were measured for 10 arrays of each 
sample and the average value is plotted in (k) with the maximum and minimum values as 
error bars. The weight of CNTs collected in one cycle of ~1 h is shown in (l). 
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 4.5 Keeping small catalyst particles active by moderating C2H2 
feed and yielding sub-millimeter-long FWCNTs with reduced 
diameter and improved purity 
 
As we have previously reported, smaller catalyst particles are more easily deactivated by 
C2H2 of higher concentration [18,20], and thus we reduced the C2H2 feeds so as to keep small 
Fe particles active. Figure 4-3a-h shows the SEM images of CNT forests collected in the 
container bottle. CNTs are sub-millimeter-long and aligned well for both big and small Fe 
catalyst particles (Ar carrier ferrocene of 250 and 50 cm
3
, respectively) at any condition of 
0.73, 0.37 vol% C2H2 and 10, 20 min CVD. The amount of CNTs are shown in histogram for 
different C2H2 concentrations (Figure 4-3i–k). With a high C2H2 of 1.1 vol% (Figure 4-3i), for 
an increased CVD time from 10 to 20 min, the amount of CNTs increased only for big Fe 
particles, meaning that the small catalyst particles were deactivated quickly within around 10 
min. With a low C2H2 concentration of 0.37 vol% (Figure 4-3k), the increased CVD time 
from 10 to 20 min resulted in the increased amount of CNTs for both big and small Fe 
particles, due to the increased lifetime of small Fe particles. But the significant reduction in 
C2H2 to 1/3 resulted in a significant reduction of the amount of CNTs collected, not only due 
to the reduced amount of synthesized CNTs but also the reduced separation efficiency of the 
short CNT arrays from the beads. The moderate C2H2 concentration of 0.73 vol% (Figure 4-3j) 
resulted in the increased CNT amount for the increased CVD time from 10 to 20 min for both 
big and small Fe particles. CNT arrays grew long enough to be well separated after 20 min 
CVD for the both catalysts, resulting in more than twice the amount of CNTs collected than 
for 10 min CVD. The moderate C2H2 feed gave the best balance between CNT growth rate 
and catalyst lifetime, and yielded more CNTs (0.62 g, corresponding to the carbon yield of 
42%) after 20 min by small Fe particles (50 cm
3
 Ar for ferrocene) than the high C2H2 feed of 
1.1 vol% (0.45 g, corresponding to the carbon yield of 20%).  
           
 
 
97 
 
 
Figure 4-3. (a–h) SEM images and (i–k) weights of CNT arrays collected in the container 
bottle. The large and small Fe catalyst particles were prepared with (a–d) 250 and (e–h) 50 
standard cm
3
 Ar carrier gas for ferrocene, respectively. The CNTs were synthesized by 10 
min CVD for (a, c, e, g), and 20 min CVD for (b, d, f, h). The C2H2 concentrations were 0.73 
vol% for (a, b, e, f), and 0.37 vol% for (c, d, g, h). The weights of CNTs obtained with C2H2 
concentrations of (i) 1.1 (the same data as in Fig. 6), (j) 0.73, and (k) 0.37 vol%. 
 
We then examined the diameter of the CNTs synthesized with the moderate C2H2 of 0.73 
vol% by TEM (Figure 4-4). CNTs by small Fe particles (50 standard cm
3
 Ar for ferrocene) 
with 0.73 vol% C2H2 (Figure 4-4d–f) had smaller diameter, thinner walls and cleaner surfaces 
compared with those by the big Fe particles (250 standard cm
3
 Ar for ferrocene) with either 
1.1 vol% (Figure 3-4d–f) and 0.73 vol% (Figure 4-4a–c) C2H2. The inset histograms of the 
CNT diameter distributions as well as the graph of average diameter vs. the depths from the 
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top of the arrays (Figure 4-4g) show the gradual diameter increase from the top to the bottom 
for both cases. The average diameter increased from 8.7 to 11.6 nm for the case of big Fe 
particles with the average diameter of 10.1 nm, while it increased from 5.6 to 7.3 nm for the 
small Fe particles with the average diameter of 6.5 nm. Because CNTs grow via the root 
growth mode, the diameter of CNTs increased with time during CVD. Although the CNTs 
increased in diameter regardless of the Ar carrier volume for ferrocene and thus the Fe 
particle size, CNTs with smaller diameters nucleated and grew from the smaller catalyst 
particles, and retained their smaller diameters when CVD was performed at moderate carbon 
feed of 0.73 vol% C2H2. The N2 adsorption measurement at 77 K showed that the CNTs had a 
BET specific surface area of 440 m
2
 g
–1
 for the CNTs synthesized with the small Fe particles 
and moderate C2H2 feed of 0.73 vol% (Figure 4-5), while it was 367 m
2
 g
-1
 for the big Fe 
particles and high C2H2 feed of 1.1 vol% (Figure 3-5). The value of 440 m
2
 g
–1
 is about one 
sixth of the theoretical value for monolayer graphene (2730 m
2
 g
–1
) and thus about one third 
that of SWCNTs with closed ends [25,26]. This result indicates that the number of walls of 
the synthesized CNTs was three on average for the small Fe particles (50 cm
3
 Ar for ferrocene) 
with the moderate carbon feed (0.73 vol% C2H2).  
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Figure 4-4. TEM images and diameter distributions of CNTs synthesized with 0.73 vol% 
C2H2 for large and small Fe catalyst particles prepared with (a–c) 250 and (d–f) 50 standard 
cm
3
 Ar carrier gas for ferrocene, respectively: (a, d) top, (b, e) middle, and (c, f) bottom of a 
single piece of CNTs taken out of the array. In (g), the changes in the average diameter of the 
CNTs with 250 cm
3
 and 50 cm
3
 Ar carrier gas for ferrocene are plotted against the depth from 
the top of the CNT arrays. The error bars show the standard deviation. 
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Figure 4-5. (a) N2 adsorption isotherm at 77 K and (b) corresponding BET plot of the sub-
millimeter-long CNTs. The CNT sample is the same as that in Figure 4-4d-f and was 
synthesized by small Fe particles (50 cm
3
 Ar carrier gas for ferrocene) with 0.73 vol% C2H2. 
The closed and open symbols in (a) indicate adsorption and desorption processes, respectively. 
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We analyzed the purity of CNTs synthesized with small Fe particles (50 cm
3
 Ar gas for 
ferrocene) and moderate carbon feed (0.73 vol% C2H2) by XRF and TG-DTA. We prepared 
two CNT papers for analysis by XRF. One paper is prepared by dispersing CNT powders (3 
mg) in ethanol (30 mL) by ultrasonication (3 min) and filtrating all of the dispersion. The 
other is prepared by dispersing CNT powders (4 mg) with sodium dodecylbenzenesulfonate 
surfactant (SDBS, 50 mg) in water (40 mL) by ultrasonication (3 min), centrifuging the 
dispersion mildly (3000 rpm, 10 min), and then filtrating the supernatant. Note that no other 
purification, such as acid treatment, was applied in making these papers. Table 4-1 shows the 
elemental composition of these papers. The paper The XRF result of CNT paper prepared by 
dispersion in ethanol followed by vacuum filtration shows that the CNTs prepared by 
filtrating all dispersion without centrifugation (and thus without any purification) had a high 
carbon purity of 99.8 wt% (Table 4-1). Such high purity is sometimes reported for SWCNT 
arrays synthesized on flat substrates [6] but not for FBCVD. The other  paper prepared by 
filtrating the supernatant after a mild centrifugation showed even smaller contaminations of 
Al and Fe (1/6−1/7 of the paper without centrifugation). These Fe and Al contaminations 
should be contained mainly as powders just mixing with CNTs, which are easily separated 
from the CNT dispersion by settling during centrifugation. Note that if these catalyst 
impurities are encapsulated by CNTs, they cannot be removed just by dispersion and 
centrifugation. The TG-DTA result shows that the as-synthesized CNT powder had a carbon 
purity of 99.6 wt% with amorphous carbon of ~2 wt% and a high oxidation stability of ~650 °
C (Figure 4-6a). We analyzed the compositions of the ash after TG-DTA by EDX (Figure 4-
6b). The ash contained Fe and Al, which are attributed mainly to the Fe catalyst and AlOx 
support layer being scraped off during the vigorous fluidization for CNT separation. The 
small Si content can be attributed to the reactor tube made of quartz glass being slightly 
scraped off. The weight of the ash was 0.05 mg, which is in good agreement with the 0.4 wt% 
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impurity in the 10.2 mg CNTs used for the TG-DTA measurement when we take into account 
the weight increase from 0.019 mg Fe in the CNT powder to 0.027 mg Fe2O3 in the ash. 
There was a slight deviation in the carbon purity and Fe/Al ratio between the two 
measurements (XRF in Table 4-1 and TG-DTA with SEM-EDS in Figure 4-6). However, it is 
clear that the CNTs synthesized by our FBCVD method with careful control of the catalyst 
and carbon feeds gave 99.6–99.8 wt%-pure sub-millimeter-long CNT arrays, and that the 
small catalyst contamination can be reduced further easily by dispersion and centrifugation. 
Such pure and long CNTs are attractive especially for use as electrodes and 3D current 
collectors in secondary batteries [27] and electrochemical capacitors [28]. 
Table 1 – Elemental composition of the CNT papers* by XRF 
Element C O Al Si Fe 
without centrifugation 99.81 0.10 0.06 0.01 0.02 
with centrifugation** 99.84 0.14 0.01 0.01 0.003 
*No chemical purification was applied in making the CNT papers. 
**S is also contained at 0.61 wt% due to SDBS used in dispersion. 
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Figure 4-6. TG-DTA curves of the CNTs synthesized by small Fe particles (50 cm
3
 Ar carrier 
for ferrocene) with 0.73 vol% C2H2. The sample was the same as that in Figure 4-4d–f. (b) 
Elemental composition of the ash after the TG-DTA measurement. 
 
We analyzed the composition of the carbon-containing species in the effluent gas from 
the FBCVD reactor by GC-FID at 2 min interval during 20 min CVD (Figure 4-7). We first 
supplied the CVD gas to the tube filled with pristine beads at room temperature (r. t.) to 
eliminate the influence of the catalytic reaction, and used the data as the reference. For the 
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effluent gas during CVD, CH4, C2H2, CO2 and C2H4 were the main carbon containing species. 
Small peaks for C2H6 and CO were also detected. The contents of CO2 and CO were around 
0.1 and 0.03 vol%, respectively, which are somewhat higher than the expected value from the 
0.06 vol% H2O feed, presumably due to some leakage and/or adsorbed species on the beads. 
There were two stages for CNT growth. One is the early stage from 0 to 10 min, where the 
conversion of C2H2 to undetectable carbon (mostly CNTs) was as high as 70–80%. The other 
is the later stage from 10 to 20 min, where the catalyst gradually deactivated and the 
conversion decreased to 70–40%. The total conversion was around 60%. There is a deviation 
in the conversion of C2H2 to undetectable carbon (~60% by GC) and the carbon yield of 
CNTs (42% from the weight of collected CNTs). To clarify the reason, we analyzed the CNT 
arrays on beads without separating them by the gas flow (Figure 4-8). Both the pristine beads 
and the beads with CNTs had certain distributions in radius. The CNT arrays on beads also 
had a certain distribution in height and were shorter on the beads (Figure 4-8d) than in the 
container bottle (Figure 4-2k). The catalyst line directly feeding the catalyst vapors to the 
center of the bed (Figure S1) prevented the stacking of the distributor while caused some 
distribution in the catalyst thickness among different beads, resulting in the distribution in the 
CNT array height. It is probable that long CNT arrays were separated from the beads while 
the short CNT arrays remained on the beads, resulting in the smaller CNT yield than the C2H2 
conversion. Development of more efficient separation method is now underway. 
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Figure 4-7. Composition of the effluent gas from the FBCVD reactor for different CVD time 
analyzed by GC. CVD is carried out with the moderate carbon feed of 0.73 vol% C2H2 and 
the small Fe particles with 50 cm
3
 Ar carrier gas for ferrocene. 
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Figure 4-8. Low magnification SEM images of (a) pristine beads and (b) beads with CNT 
arrays. (c) Enlarged SEM images of the sidewalls of the CNT arrays on beads. (d)Histogram 
of the radius of the pristine beads, that of the beads with CNT arrays, and the height of the 
CNT arrays. The CNTs were synthesized by 20 min CVD using 1.1 vol% C2H2 and small Fe 
catalyst particles (50 standard cm
3
 Ar carrier gas for ferrocene). The beads with CNTs were 
taken out from the reactor without separation by the gas flow. 
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4.6 Conclusions 
 
Targeting at the production of CNTs with improved quantity and quality, careful control 
was made over the catalyst and CVD conditions. By decreasing the total Ar carrier gas for 
ferrocene supply to 50 from 250 cm
3
, the size of the Fe catalyst was reduced. But smaller 
catalyst particles resulted in the reduced amount of CNTs with a 1.1 vol% C2H2 for CVD time 
of 20 min. Small catalyst particles showed similar amount with large catalyst particles when 
CVD is carried out for 10 min with a 1.1 vol% C2H2, and thus the reduced CNT amount by 20 
min CVD is attributed to the reduced lifetime of small catalyst particles. C2H2 feed was then 
reduced to 0.73 and 0.37 vol% to avoid the catalyst deactivation due to carbonization. CNT 
amounts were reduced for 10 min CVD but they increased with increased CVD time for 20 
min, showing the increased lifetime of small catalyst particles at a reduced C2H2 feed. 0.73 
vol% was optimum for the C2H2 feed, which realize both fair CNT growth rate and fair 
catalyst lifetime. Resulting CNTs had a reduced average diameter of 6.5 nm, an increased 
specific surface area of 440 m
2
/g, an increased carbon purity of 99.6−99.8 wt%, at a similar 
CNT amount of 0.61 g/cycle (11 nm, 367 m
2
/g, 97.2 wt%, and ~0.8 g/cycle, respectively, in 
Chapter 3). Such FWCNTs with a sub-millimeter length are attractive for many applications 
for electrodes/current collectors in batteries/capacitors and wirings/electrodes in flexible 
electronic devices. Additionally, the conclusion "moderating the feeds for both catalyst and 
carbon sources for improved quantity and quality of CNTs" should be common for many 
CNT production processes.  
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Chapter 5 – Conclusions 
 
CNTs having high electric conductivity, flexibility, surface area and thermal, chemical 
and mechanical stability are attractive candidates for many kinds of applications. There are 
various potential applications for CNTs in the field of electric energy storage devices, for 
example, mobile electronics, electric vehicles, and the storage of renewable energies. Many 
researchers put their interests in using CNTs in electrochemical energy storage application, 
and try to improve their conductivity by different dispersion method or doping them with 
other materials, but it is still far away from industrial application because of the insufficient 
understanding of their synthesis mechanisms. Thus, understanding the mechanism for and 
developing practical process of their production are crucial for breakthrough toward their 
nanotechnology application. 
When we consider the production of CNTs at a low cost below 100 USD/kg, high-purity 
experimental-grade feed gases need be replaced with cheaper ones. Especially, H2 is a 
common feed gas in most CVD processes for CNT production, and hence, there is a practical 
motivation for replacing the high purity H2 with the low purity H2 that is available at a low 
cost and/or as a byproduct in chemical factories. We examined the use of low purity H2 (96 
vol% H2 with 4 vol% CH4) in CVD using a C2H2 feedstock, and obtained SWCNTs with 
unexpectedly smaller diameters, larger height, and higher quality compared with those grown 
using pure H2. 
We used the low purity H2 in the millimeter-scale growth of SWCNTs from 0.3 vol% C2H2 
on flat substrates with an Fe/Al2Ox catalyst, and unexpectedly found that SWCNTs grew taller 
with the low purity H2. Raman scattering spectroscopy showed that the taller SWCNTs grown 
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with low purity H2 had an improved quality. AFM showed that Fe particles were smaller and 
denser and TEM showed that SWCNTs had smaller diameters with the low purity H2. XPS 
revealed that a small amount of carbon is deposited on/in Fe particles with the low purity H2. 
The 1 vol% CH4 in 25 vol% H2/ 74 vol% Ar was found responsible for that carbon, which 
presumably kept Fe particles small and dense by reducing their surface energy. These effects 
were observed only for CH4; CNTs with lower quality grew when C2H4 or C2H2 were fed 
with H2. The low reactivity of CH4 is considered to be essential to just stabilize the Fe 
particles but not to grow CNTs. This CH4-assisted CVD is an efficient and practical method 
that uses H2 containing CH4 that is available as a byproduct in chemical factories. 
Based on the understanding of the synthesis mechanism for CNTs on flat substrates, 
producing CNTs with increased scale and improved purity for practical application is another 
goal during my PhD study. During mass production of CNTs by FBCVD, to make the 
sufficient heating of gas is important. From Chapter 3, we proposed and developed a new 
FBCVD reactor with internal heat-exchanger and preheater with the aim of efficiently 
synthesizing CNTs with controlled structure. The new reactor realized uniform heating of the 
bed even for a space velocity as high as 3600 h
−1
 (corresponding to a gas residence time <0.3 
s at 745 C) and direct feeding of cold catalyst vapor source into the bed. Using this new 
reactor, sub-millimeter-long CNTs were semi-continuously produced from C2H2 using a 
Fe/AlOx catalyst at 745 C with careful control of the structures of the catalyst and CNTs. 
With the high production efficiency (all processes for catalyst re-deposition, catalyst 
reduction, CNT growth, CNT separation, and removal of residual carbons were performed in 
a single fluidized bed reactor), it enabled semi-continuous production of submillimeter-long 
CNTs with an increased reactor volume of ~ 0.5 L (～1×103 h-1). At the beginning, semi-
continuous synthesis of CNTs with amount of around 0.8 g/cycle with 11 nm diameter in 
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average was realized under the condition of 1.1 vol% C2H2 and 250 standard cm
3
. However, 
CNTs had a large average diameter of 11 nm and a reduced carbon purity of 97.2 wt%.  
Hereafter, the Ar carrier gas volume for ferrocene supply was carefully controlled 
because othe amount of the Ar carrier determines the nominal thickness of the Fe layer. The 
nominal thickness and size of the catalyst Fe particles could be easily controlled by the 
amount of ferrocene feed, whereas it was difficult to control the number density of the Fe 
particles, which remained at around 10
10–1011 cm−2 (one order of magnitude smaller than 
those prepared on flat substrates by sputtering). With a high C2H2 feed (1.1 vol% C2H2), the 
weight of produced CNTs remained almost constant for different Fe catalysts for a short 
reaction time (10 min) whereas it was larger for higher Fe feed for a longer reaction time (20 
min), meaning that the small Fe particles were easily deactivated within 10 min. A moderate 
C2H2 feed (0.73 vol%) increased the catalyst lifetime to ~20 min and realized the efficient 
production  of small diameter FWCNTs (6.5 nm on average) at a purity of 99.6–99.8 wt% and 
a carbon yield >40 at%. This semi-continuous FBCVD process with careful control of the 
CNT structure can be used to produce CNTs for practical applications.  
In summary, I have developed the CH4-assisted CVD method which yields longer VA-
SWCNTs with reduced diameters and the semi-continuous FBCVD process using a heat 
exchange reactor which yields over 99.6 wt%-pure submillimeter-long FWCNTs with a 
reduced diameter (6.5 nm in average) at a high carbon yield of 42 at%. The common key for 
the controlled production of CNTs is: moderating the catalyst feed to yield small catalyst 
particles and moderating the carbon feed to keep such small catalyst particles active.  
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Supporting information 
 
Detailed structure of the bottom of the FBCVD reactor with an internal 
preheater and heat exchanger in Chapter 3: 
 
Figure S1.  A schematic (a) and a photo (b) showing the detailed structure of the bottom of 
the FBCVD reactor with an internal preheater and heat exchanger. The catalyst line penetrates 
the distributor to prevent the catalyst deposition on the distributor. Catalyst vapors were fed 
without preheating and at a high velocity in order to minimize the catalyst deposition on the 
inner wall of the catalyst line. Some catalyst deposits on the inner wall of the catalyst line, but 
there is no carbon source gas and thus the stacking of the catalyst line due to the carbon 
deposition is prevented. Ar carrier gas is continuously fed at 1 slm through the catalyst line 
whole over the cycle in order to prevent the beads to fall down the catalyst line. 
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Fluent simulation and heat transfer for old singular tube (a) and the new coaxial 
double tube in Chapter 3: 
 
 
Figure S2.  Fluent simulation for the old singular tube (a) and the new coaxial double tube (b) 
with different flow rate of gas. 
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Figure S3.  Schematics of the old singular tube (a) and the new coaxial double tube (b), 
bottom shows the name of each factor and the relationships between each other. 
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Copy right for Figure 1-1: 
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Copy right for Figure 1-6: 
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Copy right for Figure 1-8: 
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